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Abstract
T he ab ility  to  pred ict m ethane so lub ility  in underground reservoirs is essential to  eventual 
exp lo ita tion  of geotherm al-geopressured reservoirs as an  a lte rn a te  energy source. In  th is  study , 
second-order Leonard-B arker-IIenderson p e rtu rb a tio n  theory  was applied  to  brine solutions 
con ta in ing  I I2O, C H 4, C 2 II6 , C 0 2, an d  N aCl to  develop a  fundam enta lly -based  
th erm odynam ic  approach  to  handle  m ore effectively th e  broad  tem p era tu re  and  pressure ranges 
encountered  in underground  reservoirs, and  to  include the  effect o f th e  presence of various salts 
and  o th e r gases on m eth an e  so lubility .
T he ap p aren t ideal solution  fugacity , f ° ' , for each solu te gas is proposed and  developed 
th ro u g h  p e rtu rb a tio n  theory  as a  d irect m easure o f th e  net forces ac ting  upon the  so lu te gas 
from  all the  species in the  system . Since f°l depends on the  brine com position , there  is no need 
to  use a  H enry’s law co nstan t eva lua ted  a t  in fin ite  d ilu tion  along w ith  an  ac tiv ity  coefficient 
th a t  varies w ith  the  solu te gas m ole fraction . Inst' id , th e  p ro d u ct, (x •̂f°, ), gives the  fugacity  
o f each solute gas in the  equations representing phase equ ilib rium . B oth  th e  p a rtia l m olar 
volum e of so lu te  gas and  the iso therm al com pressib ility  of its  p a r tia l m olar volum e were self- 
generated  from  the  p e rtu rb a tio n  theory  approach  to  pred ict the  gas so lub ility  a t  high pressure, 
an d  they  b o th  agreed well w ith  reported  values.
E ssentially  all published experim en ta l d a ta  on m eth an e  so lub ility  were u tilized  to  test 
the  re la tionsh ips developed in th is  work. T h e  ranges of conditions covered by th is  s tu d y  are: 
tem p era tu res  from  298 to  589 K, pressures from  10 to  2000 a tm , an d  salin ities from  0 to  5 m . 
T he p a ram ete rs  used in th is  s tu d y  were all based upon reported  lite ra tu re  values. Because of 
th e  ex trem e sensitiv ity  of calcu lated  m eth an e  solubilities to  the  values of a  p aram ete r in the 
L ennard-Jones po ten tia l, it was found necessary to  determ ine  the  best values for these
x i i
p aram eters  for each com ponen t to  insure a  m in im um  least-squares global fit o f th e  solubility  
d a ta . In ad d itio n , it was found th a t  allow ing the  a  p a ram ete r for w ater to  vary  w ith 
tem p era tu re  sign ifican tly  im proved th e  overall global fit to  the  d a ta .
x i i i
List of Symbols
A H elm holtz free energy
A c configurational H elm holtz free energy
A ° configura tional H elm holtz free energy of reference system
aa m olecular ac tiv ity
aj ionic d iam ete r
a_|_ ac tiv ity  of cation
a — ac tiv ity  o f anion
D D ielectric co nstan t o f sa lt so lu tion
D0  D ielectric co n stan t o f w ater
d d iam ete r
ej ionic charge
fj fugacity  o f com ponent i
f? fugacity  o f com ponent i a t  reference s ta te
ap p a re n t ideal so lu tion fugacity  of solu te gas i 
gc p a rtia l m o lar G ibbs energy for cav ity  fo rm ation
gj p a r tia l m o lar G ibbs energy for in terac tion
g° rad ia l d is trib u tio n  function o f reference system
h P lan ck ’s co n stan t
H? H enry’s co n stan t of com ponen t i in pure w ater
Ho i H enry’s co n stan t o f so lute 2  in  pure  solvent 1
H, H enry’s law co n stan t o f com ponen t i in the  solution
K B o ltzm ann  constan t 
K j sa ltin g  coefficient
x i v
m ^  Sto ich iom etric  concen tra tion  
m a m olecular concen tration
m 5 sa lt m ola lity
m^_ cation  m ola lity
m — anion m ola lity
Nj num ber of m olecules of species i in m ix tu re
N0  A vogadro’s co n stan t
P  pressure
Pj p a rtia l pressure of com ponen t i
PJ sa tu ra tio n  pressure of com ponen t i a t  tem p era tu re  T
P p p e rtu rb a tio n  p a r t o f pressure equation
ItsP ' ha rd  sphere equation  of s ta te
Q p a rtitio n  function
Q c configurational p a rtitio n  function
Qj quadrupo le  m em ent
R  gas co nstan t
r in term o lecu lar d istance
S sa lin ity  in g ram s per liter
T  tem p era tu re
t  tem p era tu re  in degree F ah ren h eit
U (r) to ta l po ten tia l energy
U °(r) reference system  p o ten tia l energy
U ^(r) pertu rb ed  po ten tia l energy
V volum e
Vj liquid m olar volum e o f com ponen t i




Vf° p a rtia l m olar volum e of com ponent i a t  infin ite d ilu tion
V,- • pa ir po ten tia l energy
\ ’°j pa ir po ten tia l energy of reference system
V f j  p ertu rb ed  pair po ten tia l energy
X,- liquid phase m ole fraction o f com ponent i
X 0 so lute m ole fraction  in pure w ater
Y f vapor phase m ole fraction  o f  com ponent i
z com pressib ility  factor
Zc configurational in tegral
configurational in teg ral of reference system
x v i
G reek Sym bol
a  p e rtu rb a tio n  param ete r, m easuring  inverse steepness of repulsive po ten tia l
a,- po larizab ilitv  o f com ponent i
0  B oltzm ann  fac to r (1 /K T )
/?,: iso therm al com pressib ility  of p a rtia l m olar volum e of so lu te gas i
0 O com pressib ility  of pure w ater
ac tiv ity  coefficient o f com ponen t i 
7 _j_ m ean  ionic ac tiv ity  coefficient
e energy pa ram ete r in L ennard-Jones po ten tia l
9 po lar angle
A p e rtu rb a tio n  p a ram ete r, m easuring  s tren g th  of a ttra c tiv e  p o ten tia l
p t chem ical po ten tia l o f com ponen t i
hs/ / , '  chem ical po ten tia l of a  hard  sphere fluid
lis r
Pi  ’ reduced chem ical p o ten tia l for a  h a rd  sphere fluid
chem ical po ten tia l of an  ideal gas 
Pi  d ipole m o m en t of com ponen t i
£n reduced density
p so lu tion  density
Pi n um ber of i m olecule per u n it volum e
p* density  of pure w ater
A p  density  increase due to  the  presence o f sa lt
cr d istance pa ram ete r in th e  L ennard-Jones p o ten tia l
<j) fugacity  coefficient
u  acen tric  factor
x v i i
Chapter 1
In troduction
1-1 T h e  G copressured Energy R esource in T h e  U.S.
T he shock of the  energy crisis in the 70’s focussed considerable a tte n tio n  in the  U.S. on 
the  developm ent of a lte rn a tiv e  energy resources for the  fu tu re . I t  was recognized by the U.S. 
D ep a rtm en t of Energy (D O E ) th a t  the  various a lte rn a te  energy resources in th e  U.S. need to  
be identified  and  characterized  p rio r to  the  tim e, which surely m ust come, w hen the  oil and  gas 
resources of the world are depleted . O ne energy source th a t  was selected for s tu d y  by D O E  is 
the  group of geopressured-geotherm al reservoirs th a t  are found in the  U nited S ta tes  in the  
no rth ern  G ulf of M exico basin, m ain ly  along the  T exas and  L ouisiana G u lf C oasts, a t  dep ths 
of G000 ft to  15000 ft. As a result of D O E-sponsored effort, the  locations of these reservoirs 
are now generally know n, and  som e info rm ation  ab o u t th e ir tem p era tu res , pressures, and 
salin ities has been ob ta ined  from  logs o f oil and  gas wells previously drilled  in the  im m edia te  
v icin ity  of each geopressured reservoir. In add ition , som e special te s t wells were drilled a t 
D O E expense during  the la te  70‘s and  early  80’s to  gain m ore in fo rm ation  ( including m ethane 
con ten t ) ab o u t a few of the  h igh -po ten tia l reservoirs, b u t well logs of previously  drilled wells 
rem ain  the  p rim ary  source of in fo rm ation  for es tim atin g  th e  n a tu re  and  am o u n t o f th is energy 
resource.
T h e  energy con tained  in the  geopressured reservoirs is classified as : (A) th e rm al energy 
from  the  hot brine. (B) m echanical energy from  the  high fluid pressure of the  reservoirs, and 
(C ) com bustive fuel energy from  the n a tu ra l gas, m ostly  m ethane, dissolved in the 
underground brines (G regory, 1981). Early estim ates for the  to ta l in-place resource were up to
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100.000 quads ( 1 quad  =  1.0 x lO 15 B tu ) of low level (200 - 250 F) th e rm al energy and 60,000 
quads of dissolved m ethane. ( T h e  estim ated  availab le  m echanical energy was several orders 
of m ag n itu d e  less than  these tw o.) T he econom ically recoverable resources were estim ated  to 
be as m uch as 300 quads of therm al energy and  800 quads of m eth an e  (W esthusing , 1981). 
Because of previous success in the exploiation of high tem p era tu re  geo therm al wells in the far 
w estern U.S., in itia l in terest focused prim arily  on the heat th a t  could be ex trac ted  from  the  hot 
brine and  converted to  electrical energy th rough  tu rb ines a t  th e  surface.
In 1974, 30.4% of the  energy consum ed in the U nited  S ta tes cam e from  n a tu ra l gas 
(C am pbell, 1977). As a  result of bo th  increasing dem and  and the  de-regu la ting  N atu ra l Gas 
Policy Act of 1978 by Congress, the  price of deregulated  n a tu ra l gas soon rose by ten fold 
above pre-1973 levels to  the  $ 7 -8 /1 000-SCF range. As a resu lt, econom ic in terest in 
geopressured resources shifted  from  the  low-level therm al energy of the  reservoirs to  the  fuel 
energy of the  dissolved m ethane in the  brine. A t th a t  tim e, techno-econom ic stud ies o f specific 
h ig h -po ten tia l reservoirs, such as those m ade by Johnson  et al. (1980), ind ica ted  th a t  n a tu ra l 
gas prices m u st equal or exceed the 8S /1000-SC F level for the  geopressured energy resource to  
becom e econom ically viable. Since 1983, conservation  efforts in itia ted  in th e  70’s, coupled w ith 
a w orld-w ide energy ‘ glut ’ has forced the  price of bo th  oil and  n a tu ra l gas back down to 
m ore m odera te  levels ( 815-20 /barre l and  S I .5 - 2 .0 /1000 SC F ), a lth o u g h  these prices are still 
ab o u t tw ice the price levels th a t  existed prior to  1973. Hence, te n ta tiv e  projects for 
exp lo ita tion  of the  geopressured m eth an e  have been shelved by in d u stry  u n til such tim e th a t  
gas prices again  reach econom ically a ttra c tiv e  levels. T he m eth an e  en tra in ed  in geopressured 
reservoirs rem ains a  vast b u t d ilu te  resource th a t  continues to  be unexp lo ited  because drilling 
and  production  costs are high an d  because m any  u ncerta in ties are  associated  w ith  its 
exp lo ita tion  and  com m ercialization .
1-2 DOE-Sponsored Research on Geopressured Energy and Methane Solubility
D uring the la te  70’s and  early 80’s, an  extensive research effort was sponsored by 
D O E to  o b ta in  m ore reliable assessm ents of the geological, engineering, env irom ental, legal, 
and  social aspects of developing the  geopressured resource in order to  provide a  d a ta  base for 
th a t  fu tu re  tim e when th is  resource becom es econom ically viable. A m ong the m any  related  
sub-pro jects carried ou t under D O E sponsorship was one to  stu d y  the  so lub ility  of m ethane  in 
brine a t  conditions equivalen t to  the  underground pressure, tem p era tu re , and sa lin ity  ranges of 
know n reservoirs. A q u a n tita tiv e  descrip tion  of vapor-liquid  equilib ria  pertin en t to  reservoir 
conditions is very im p o rtan t for e s tim a tin g  the m ethane  con ten t of a  prospective reservoir. 
A. E. Johnson . J r .. who served as th e  d irec to r of a m ulti-d isc ip linary , D O E-sponsored project 
at th a t  tim e, undertook  as one of the  sub-tasks of the  D O E pro ject a  study  of the  then- 
availab le  m eth an e  so lubility  d a ta . Coco and  Johnson  (1981) developed a  com pu ter subroutine 
called SO L U T E  to  correla te  the  availab le  solubility  d a ta  based on a  fundam en ta lly  sound 
th erm odynam ic  app roach . SO L U T E  can be used to  p red ict the  so lubility  o f m ethane in a 
brine a t  given sa lin ity , tem p era tu re , and  pressure conditions. I t therefore provided the  LSU 
teclm o-econom ic com puter m odel o f a geopressured, geo therm al reservoir w ith  the capab ility  of 
calcu la ting  the m axim um  (sa tu ra ted ) am o u n ts  of m ethane  which could be dissolved in the 
brine solution of the  reservoir, given the sa lin ity  of the brine and  its  tem p era tu re  and  pressure.
T h is work was reasonably  successful in correlating  the  then -availab le  d a ta , bu t it revealed 
th a t  there rem ained a strong  need to  im prove the  m odel used to  correla te  the  d a ta  by 
ex tend ing  the  m odel’s fu n d am en ta l basis. T he correlation  w hich was developed does not 
consider the  presence of C 0 2 in the  dissolved gas, which is the  m a jo r secondary gas com ponent 
in geopressured brines, rang ing  from  tw o to  twelve m ole percent. Som e p relim inary  d a ta  from 
‘reco m b in a tio n ’ experim ents run  by IG T  (In s titu te  o f G as Technology) on gas from
geopressured test wells had suggested th a t the effect of C 0 2 on to ta l gas dissolved is both  
su b s tan tia l and highly nonlinear. Some la te r D O E-sponsored experim ental results by B lount 
et. al. (1982) indicated  th a t  the solubility  of m ethane is enhanced by an extrem ely  low 
concen tra tion  of C 0 2 b u t is reduced a t  higher concen trations of C 0 2. I t  also revealed the 
am o u n t of C 0 2 dissolved in geopressured brines can be m uch g reater th a n  originally  suspected. 
T he presence of h igher-m olecular-w eight hydrocarbons, m ain ly  e thane, m ay  also p lay  an 
im p o rta n t role in a com prehensive study  of m ethane solubility . B lount e t al. (1982) reported  
th a t  a t  low concentrations, e thane  salted  m ethane in to  solu tion , while above 6  to  8  mole 
percent e th an e  of the  dissolved gas in solu tion , m ethane was strongly sa lted  ou t by the  ethane. 
T h is is a significant d ep artu re  from  th a t  observed by A m ira ja ta ri and  C am pbell (1972) who 
found th a t solubility  of the b inary  m ethane-e thane  m ix tu re  is g reater th a n  th e  so lubility  of the 
pure com ponent at. the  sam e tem p era tu re  and  pressure. In ad d ition , geopressured brines 
con ta in  various sa lts  o ther th a n  sodium  chloride, p rim arily  calcium  sa lts. T h e  previous 
tre a tm e n t of Coco and Johnson  (1981) correlated  d a ta  of brine con ta in ing  only sodium  chloride 
salt and  dissolved gases conta in ing  only m ethane.
1-3 Goal of This Research and Nature of The Problem
In th is research, our goal was to  (1) expand the  m e th an e  so lub ility  correlation  to  
include add itiona l gases and  ad d itiona l salts, (2 ) develop an even m ore fundam en ta l 
therm odynam ic  approach , com pared  to  the  ‘classical’ so lu tion  therm odynam ics applied  by 
Coco and  Johnson , and  (3) extend the ‘g lobal’ n a tu re  of the  correlation  over a  wider range of 
experim ental conditions, while a t  the sam e tim e im proving the  accuracy (‘sum  of squares’ 
error) betw een the predicted  values and  experim ental d a ta .
T he coexistence in aqueous solution of strong  electrolytes such as N a d  together w ith  
dissolved gases such as C II4, C 0 2, and C 2 H 0 creates a com plex in term olecular force field th a t  
affects the  solubility  of m ethane, which for extrem ely  d ilu te  gas concen tra tions can be 
expressed in term s of its  H enry’s law co n stan t in the  liquid phase and  its  fugacity  coefficient in 
the  equilib rium  gas phase. Therefore, the  success of any m eth an e  solubility  prediction  m ethod  
is highly dependent on developing an effective and  fundam en ta lly  correct m odel to  account for 
the  varia tion  of the H enry 's law constan t o f m ethane w ith tem p era tu re , pressure, and  bo th  the 
electro ly te  and  dissolved gas com position of the  brine. T he so lubility  p red iction  is also, of 
course, dependent upon the gas phase fugacity  coefficient of m ethane, which in th is  work was 
calcu lated  from  the  SRK equation  of s ta te .
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1-4 C orrelation  of H enry’s Law C o n stan t
E xtensive research has already been done to  correla te  H enry’s law co nstan ts  of 
various gases in b inary  non-electro ly te solutions. H ayduk and  Laudie (1973) p lo tted  s tra ig h t 
lines for lu ll vs. 1 /T  for a num ber of gases in a  single solvent and  found th a t  they  all 
in tersected  a t a single value of 1 nH c a t  the  solvent critical tem p era tu re  T c . Therefore, a  single 
m easurem ent of InH can be com bined w ith lnH c t.o o b ta in  values a t  o ther tem p era tu re . 
E xtensions of th is  concept have been m ade to  m ore com plex solvents, b u t it is no t clear how it 
can app ly  to  a system  in w hich II goes th rough  a m ax im um  w ith  tem pera tu re . Y orizone and 
M ivano (1978) developed from  a th ree-p aram eter corresponding s ta te  theory  a  generalized 
correlation  for p red icting  H enry’s law  constan t. B ut th is work was lim ited  to  non-polar 
m ix tu res. Benson and  K rause (1976) stud ied  thoroughly  the  solubilities of sim ple gases in 
w ater and  developed an  em pirical equation  valid from  0 to  50 C. Cysewski and  P rausn itz  
(1976), based on A lder’s pertu rbed  hard  sphere equation  o f s ta te , developed a  sem i-em pirical 
correlation  of H enry’s law constan t over a wide tem p era tu re  range, yet the  accuracy of the 
p rediction  was no t very high. O th er a tte m p ts  include the  work of N ak ah ara  and  I l ira ta  (1969) 
for hydrogen-hydrocarbon  m ix tu res an d  those of Brelvi (1980) and  S agara  and  Saito  (1975) for 
v aria tions on the form ulae of so lub ility  param eters in regular solu tion  for non-polar system s.
In co n trast to  th e  relatively  extensive studies th a t  have been conducted on H enry’s law 
co n stan ts  of gases in b inary  non-electro ly te solutions, little  a tte n tio n  has been given to  th a t  of 
gases in electro lyte solutions. E arly  approaches correlated  the  ‘sa lting  ’ effect th rough  the 
sem i-em pirical Setchenow  equation  (1889). W ith  recent im provem ents in our understan d in g  of 
solu tion  theories, typified by scaled partic le  theory  and  s ta tis tica l m echanical p e rtu rb a tio n  
theory , a m ore fundam en ta l approach  to  th is  subject can be a tte m p te d . In the  following 
section, th is topic is developed m ore fully.
1-5 Sctchenow Equation
A well know n phenom enon is th a t  when sa lt is added  to  a  ca rbona ted  beverage, the 
dissolved C 0 2 gas bubbles ou t from  the  liquid solution. T h is phenom enon has long been 
recognized and  is term ed the ‘sa ltin g -o u t’ effect. M athem atica lly , the  solubility  of a  non- 
e lectro lv te  gas in a sa lt so lu tion  was first related  by the sem i-em pirical Setchenow  equation  
(1889) :
log “X "  =  K S 111 s (1-1)
w here, for a  specified tem p era tu re  and pressure of the  system , X is th e  so lub ility  of the  
dissolved gas in an aqueouus salt solution- of concen tra tion  m s , X D is its  so lub ility  in pure 
w ater, and  K s is the  sa lting  coefficient. In its  original app lica tion , the  Setchnow  equation  was 
applied  to  aqueous sa lt so lutions in equilib rium  w ith  a  gas phase a t  m odera te  tem p era tu res  and  
pressures, so th a t the w ater con ten t of the  gas phase a t  equ ilib rium  is essentially  zero. T he 
Setchnow  equation  is valid p rim arily  a t  low sa lt concentrations, and  K s has a  specific value for 
each p a ir o f sa lt and  dissolved non-electro lyte gas.
T he effect of sa lt on gas solubility  is ac tually  a  com plex phenom enon. In  som e 
cases, add ing  sa lt enhances the gas so lub ility  (salting-in), while in o ther cases th e  effect is the  
opposite  (sa lting -ou t). C learly, a positive value of K s in equation  (1-1) corresponds to  a 
sa ltin g -o u t effect, whereas, a negative Ks value ind icates sa lting-in . I t  is easily recognized th a t  
the  ra tio  of solubilities expressed in the Setchenow equation  ac tu a lly  reflects the  effect of the 
salt on the  fugacity , f , , of the dissolved gas, which a t  equilibrium  w ith  a given gas phase m ust 
be the  sam e as for the pure w ater case. Since ff =  II{ X ; for the  gas in a  d ilu te  b inary
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so lu tion , equation  ( 1- 1 ) can be rew ritten  as
log =  K s m s ( 1 -2 )
W here II® is H enry’s co n stan t o f th e  so lu te gas in pure w ater, and  H £ m is H enry’s co n stan t in 
the  e lectro ly te  so lu tion . V arious a tte m p ts  were m ade to  p red ic t th e  sa lting  coefficient K s. 
Section 1-6 discusses m ore on this.
1-6 E lec tro sta tic  T heory
T h e  e lec tro sta tic  theory  w as proposed originally  by Debye and  M cA ulay (1925). It 
tre a ts  the  solvent as a con tinuous dielectric. T he am o u n t o f work necessary to  discharge the 
ions in pure solvent of dielectric co n stan t D 0  and  recharging th em  in a  so lu tion  of dielectric 
constan t D conta in ing  the non-electro ly te  is re la ted  to  the  sa ltin g  coefficient I \ s th rough  
equations (1-3) and  (1-4) :
tv _  ______ &_Np______  „  ,■
s “  2.303 xlOOO K T D 0  A- a £
D =  D0  ( 1 - 0  n) (1-4)
w here N0  is the  A vogadro’s num ber
D is th e  dielectric  co n stan t of th e  solu tion
D 0  is th e  dielectric  co n stan t of w ater
n is th e  num ber of m olecules of non-electro ly te so lu te  per cubic cen tim eter
c i is ionic charge
a,- is ionic d iam eter
i/j is the num ber of ions of type i per m ole of electro lyte
Species which lower the  dielectric co n stan t should be salted  o u t by all electrolytes. T h is theory  
p red icts th e  rig h t order of m ag n itu d e  of K , values. However, the  pred icted  K s values vary 
very little  w ith  the n a tu re  of the  e lectro ly te (M asterton , 1970), an d  the  theory  fails en tire ly  to  
p red ic t a  shift from  sa lting -ou t to  salting-in  of a nonelectro lyte gas in different electro lyte 
so lu tions, such as 7 -B uty ro lac tone  in  N aB r and  N al so lutions (Long, 1952). T h is  theory  was 
la te r refined by Long and M cD evit (1952) to  re la te  the sign of Ivs to  the  influence of sa lt on 
the  so lvent s tru c tu re  by equation  (1-5):
  CO____________________ CO
K _  V,- (Vs ~  Vs ) , .
Ks “  2 .3R T  /30
w here
V s is th e  liquid m olar volum e of sa lt
 CO
V,- is th e  p a rtia l m olar volum e of th e  non-electro ly te a t infin ite  d ilu tion
  CO
V s is th e  p a rtia l m olar volum e of th e  electro lyte a t  infin ite  d ilu tion  
f30 is th e  com pressib ility  of pure w ater
In th is  theory , the Vs value is difficult to  evalute, and  p red ictions are  usually  of incorrect order 
of m ag n itu d e  (M asterton , 1969). T h is theory  gives relative values of K 4 for d ifferent sa lts  w ith 
th e  sam e so lu te which fall in the correct order. However, the  abso lu te  value of Iv5 calcu lated  
are  in poor agreem ent w ith  experim en t (M asterton , 1970).
C onw ay, Desbiyers, and  S m ith  (1964) took in to  account th e  dielectric sa tu ra tio n  effect. 
Each ion is assum ed to  have a  p rim ary  hyd ra tio n  shell which contains n w ater m olecules. 
T hese w ater m olecules are so tied -up  w ith the  ion, therefore, th a t  they  lose the ir av a ilab ility  to  
fu rth e r dissolve o ther so lu te m olecules. O utside of th is shell, w ater m olecules rem ain  effective
and the dielectric co n stan t is assum ed to  be th a t  of the  pure w ater. G ood agreem ent was 
usually  found betw een predictions and  ac tu a l experim ents for d ilu te  electro ly te  solutions, but 
no t a t  all a t  higher concen trations of electrolyte, since negative solubilities are predicted 
(T iepel, 1973).
For solu tions conta in ing  tw o salts, the  salting  effect can ’t  be explained by a  single 
sa ltin g  coefficient nor by a sim ple p roduct of tw o coefficients. T hough  there  were some m ixing 
rules proposed by G ordon, and  T horne  (1967), no theoretical basis to  su p p o rt them  was given. 
In the  sense th a t  sa lting -ou t is an effect which increases the  ac tiv ity  of the dissolved gas in 
solu tion , while salting-in  decreases it, the  sa lt effect results from  th e  com bined effect of all 
in term olecu lar forces upon the  gas molecules. P resum ably , th e  m ore deta iled  and  accura te  the 
consideration of these forces becomes, the  m ore com prehensive the  m odel can be. B u t the  cost 
of add itiona l detail is th a t  there  are m ore e lectrosta tic  p aram eters  for w hich values are needed. 
T h is is th e  p rim ary  w eakness of all the  e lectrostatic  dependent theories.
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1-7 Scaled Particle Theory
T he scaled partic le  theory  o f Reiss, Frisch, H elpfand, and  Lebowitz (1959, 1960) yields 
an  ap p rox im ation  of the  reversible work required to  in troduce a  spherical partic le  of solute i 
in to  a so lvent. P ie ro tti (1963,1965) considered the solu tion  process to  consist o f tw o steps : 
(A) the creation of a  cav ity  in th e  solvent of a  su itab le  size to  accom m odate  the  solute 
m olecule, and  (B) the  in troduction  in to  the cav ity  of a  so lu te m olecule w hich in te rac ts  w ith  the 
solvent. H enry’s co n stan t is given by :
i„  +  a  ( i - 6)R T  R T  +  R T  1 0j
w here Y x is the m olar volum e of the  solvent, g c is the  p a rtia l m olar G ibbs energy for cav ity
$
fo rm ation , gj is the  p a rtia l m olar G ibbs energy for in terac tion , and  H , 1 ̂  is the H enry’s 
co n stan t of so lute 2 in pu re  solvent 1 at sa tu ra tio n  pressure of com ponent 1 a t  tem p era tu re  T .
T h e  G ibbs energy, g c , for cav ity  fo rm ation  is a  know n function o f th e  tem p era tu re , the 
m olar volum e of the  solvent, and  the  hard  sphere d iam eters  o f the  solvent an d  solute m olecules 
respectively. T h is theory  was la te r  extended by Shoor and  G ubbins (1969) to  o b ta in  an  
equation  for the  so lubility  of a non-electro ly te in an aqueous sa lt so lu tion . T he sa ltin g  ou t 
effect was explained as due to  changes in the  cav ity  work term . Such changes arise prim arily  
from  nonpo lar solu te-ion  in terac tions, and  no t from  the  ionic charges them selves. M asterton  
and  Lee (1970) applied  Shoor and  G u b b in s’ m odel to  get a  general expression for the  salting- 
ou t coefficient in te rm s of the ap p a ren t m olar volum e of the sa lt, and  the  d iam eters and  
po larizab ilities of ca tion , anion, and  non-electro ly te gas applicab le  to  any  sa lt-nonelectro ly te  
gas pair. Scaled partic le  theory  suffers from  the  fact th a t  it is only trac tab le  for a  hard  sphere 
fluid. T he basic assum ption  th a t m olecules possess hard  cores som etim es leads to  pred icted
heats of solu tion  th a t are  too high (Shoor, 1969), and for large gas solute m olecules, sa lting-ou t 
coefficients calcu lated  based on th is  theory  are in poor agreem ent w ith  experim en t (M asterton , 
1970). Schulze and  P rausn itz  (1981) applied scaled partic le  theory  to  correla te  phase 
equilib rium  d a ta  of aqueous system s over a wide range o f tem p era tu re  (0 - 300 C ). A greem ent 
w ith experim ental d a ta  was achieved by allowing a slight tem p era tu re  dependence of the 
m ixing rule on the  d iam eter o f ind iv idual molecules. However, th is  work is lim ited  to  low 
pressure system s where H enry 's law  holds. Therefore, as we shall discuss in  our param eter 
fittin g  procedure in chap 4, the  p aram eters  they  ob tained  to  fit the ir so lub ility  d a ta  could 
p red ic t unreasonable  resu lts for o th e r therm odynam ic  properties. T h is m ay explain  why the 
size p a ram ete r they  ob tained  for carbon m onoxide (0.395 nm ) is m uch bigger th a n  th a t  for 
carbon dioxide (0.332 nm ). Choi (1982) com pared the correla tion  of Schulze and  P rausn itz  
w ith his experim enta l d a ta  for bo th  m ethane  and  nitrogen in pure  w ater a t  high pressure and  
found very poor agreem ent. Scaled partic le  theory  is an  im provem ent over e lec trosta tic  theory  
in the  sense th a t  it can include the  m olecular forces in to  consideration . However, the 
tre a tm e n t is no t general enough and an even m ore detailed  app roach  is needed.
1-8 Perturbation Theory
It is a well known princip le th a t  when a physical p roblem  can no t be exactly  
represented  m ath em atica lly , one can often m ake progress by a  series of successive 
app rox im ations. P e rtu rb a tio n  theory  is one way of doing th is  w ith in  the  con tex t of solu tion  
theory . In the  last th ree decades, num erous efforts have been m ade to  app ly  p e rtu rb a tio n  
theory  to  the u n derstand ing  of the liquid s ta te . P e rtu rb a tio n  theory  for the  H elm holtz free 
energy provides us a m ethod  of re la ting  the  therm odynam ic  p roperties of a  real system  to  those 
of a  som ew hat ideal reference system  th rough T a y lo r’s expansion of the  p a rtitio n  function. 
L onguet-IIiggins (1951) was the  first one to  expand  the  free energy of a liqu id  m ix tu re  about 
th a t  of an ideal so lution. His m ethod  can only be applied  to  near-ideal solu tion . Later 
Zwanzig (1954) showed how to  re la te  the  p roperties of a  high tem p era tu re  non-polar gas w ith  a 
L ennard-Jones po ten tia l (F igure 1-1) to  those of a  rigid sphere flu id  (F igure  1-2). None of the  
above developm ents got m uch a tte n tio n  because it was assum ed th a t  the  p e rtu rb ed  po ten tia l 
has to  be very sm all to o b ta in  m eaningful results. T he a r t  o f app ly ing  p e rtu rb a tio n  theory  
consists o f choosing a reference system  w ith tw o p rim ary  concerns : (a) it  is sim ple enough to 
handle  and (b) it con ta ins as m uch as possible of the  physically  im p o rta n t p a rts  o f the  real 
system . U nfortunate ly , desiderate  (a) and  (b) are  generally incom patib le .
T he first generally  successful approach  was th a t  due to  B arker an d  H enderson (1967 a). 
T hey  recognized th a t the  failures of previous a tte m p ts  a t  low tem p era tu re  o f S m ith  and Alder 
(1959), Frisch et al. (1966), and  M cquarrie and  K atz  (1966) were due e ither to  the  lack of a 
satisfac to ry  tre a tm e n t of the softness of the  repulsive forces, w ith  consequent extrem e 
sensitiv ity  to  the  choice of hard  sphere d iam eter, or to  an u n fo rtu n a te  choice o f separa tion  in to  
unp ertu rb ed  and  p e rtu rb ing  po ten tia ls . Barker and  H enderson used a  hard  sphere system  and 
chose the hard  sphere d iam eter of the reference fluids in order to  m inim ize the effect of the
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Figure 1-1 Lennard- Jones potential
U(r)








Figure 1-3 Square well potential
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repulsion. T h a t is, they used the freedom  of choosing the  d iam eter to  throw  as m uch as 
possible the  effects of the  repulsion in to  the zeroth order expansion term . Barker and 
Henderson were ab le to  ob tain  excellent, results even for pure liquids by changing the expansion 
procedures for bo th  square well po ten tia l (F igure 1-3) ( B arker, et al. 1967 a) and  Lennard- 
Jones po ten tia l (B arker, et al. 1967 b). Successful extension of the ir work to  liquid m ix tu re  
was m ade by Leonard, H enderson, and  B arker (1970).
R ealizing th e  effect o f th e  repulsive forces in determ ining  th e  s tru c tu re  and 
therm odynam ics of sim ple fluids. W eeks, C handler, and  A ndersen (W -C -A ) proposed a new 
first order p e rtu rb a tio n  approach  in 1971. T he p rim ary  difference between th e ir approach  and 
the B arker H enderson approach  is the  way in which the in term olecular p o ten tia l is divided in to  
an un p ertu rb ed  and  a pertu rbed  p a r t, as shown in F igure 1-4. Instead  of separa ting  the 
po ten tia l in to  positive and  negative p a rts  as in B arker-H enderson theory , F igure 1-5, they 
sep ara ted  the  po ten tia l in to  a p a rt con ta in ing  all the  repulsive forces where <  0 , and  a
p a r t con ta in ing  all the a ttra c tiv e  forces where >  0. T he separa tion  can be described as
follow :
U (r) =  U °(r) +  U p (r) (1-7)
U °(r) =  U (r) +  c r  <  i'o ( 1-8)
0 r  >  ro (1-9)
r <  r0 ( 1- 10)
U(r) r >  r0 ( 1- 1 1 )
W here U (r) is the real po ten tia l; U ° is the  reference po ten tia l; UP is the  pertu rbed  po ten tia l;
u(0 l<T
€
Figute 1-4 The split of potential according to Barker-Ilenderson
Figure 1-5
The split of potential according to Weeks-Chandler-Andersen
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and  rQ is the  location  of the low est p o ten tia l energy. Use of the W CA  reference system  is 
considered m ore realistic th an  a  hard  sphere system  (M cQ uarrie, 1973), an d  the p e rtu rb a tio n  
series was found to  converge m ore rap id ly  a t  high density  (V erlet, e t al. 1972). However, since 
there  are  no purely  repulsive fluids in na tu re , the  properties of the  reference fluid m u st be 
determ ined  from  a  theoretical calcu lation . T h is som ew hat offsets th e  ad v an tag e  it has over the 
B-H p ertu rb a tio n  theory . Lee and Levesque (1973), has extended W -C -A  theory  to  m ix tures.
Since the  developm ent o f the  B-H and  W -C -A  m ethods, m uch work has been done 
on p e rtu rb a tio n  theory  o f spherical an d  nonspherical m olecules th rough  the use of m odels based 
on a  m ore sophiscated po ten tia l or a  m ore su itab le  reference system . G ubbins (1973), 
G ubbins, Shing, and  Street (1983), G ubbins and  Tw u (1978 a ,b ), and  M ansoori and  Haile 
(1983) have w ritten  general reviews on these recent developm ents. M ost of the  research on th is 
subject has been a t  too  m icroscopic a level to  have m uch engineering app lica tion  to  our system , 
as we shall see in chap ter 3 th a t the evaluation  of H elm holtz free energy requires th e  knowledge 
of rad ia l d is tribu tion  function  and reference system  which are  no t usually  availab le  except for 
very sim ple system . T he evaluation  of chem ical po ten tia l and  hence th e  H enry’s law co nstan t 
need even m ore work. As a resu lt, use of p e rtu rb a tio n  theory  to  p red ict H enry’s co n stan t have 
been lim ited  to  very sim ple system s which allow som e sim plifications to  be m ade. Neff and 
M cQ uarrie (1973) derived a  equation  for H enry’s co n stan t using the resu lt of Leonard, 
H enderson, and B arker’s (1970) first, order p e rtu rb a tio n  theory . G ood agreem ent was ob tained  
for Neon in A rgon. Uno et al. (1975) included the  second order p e rtu rb a tio n  te rm  and  applied 
it to  22 system s of b inary  m ix tu res. T hey found th a t  a  set o f ‘effective’ K ih ara  p o ten tia l 
p aram eters  m ust be found to  perform  the  calcu lation  w ith  reasonable accuracy. G oldm an 
(1977) applied the  W CA p e rtu rb a tio n  theory  to  sim ple b inary  m ix tu res w ith  success. All these 
works were concerned w ith sim ple b inary  fluids. For our system , conta in ing  polar w ater 
m olecules and  electrolytes as well as gaseous com ponents, it seem ed infeasible to  consider
including the o rien ta tion  effect and  o ther la tes t advancem ents in p e rtu rb a tio n  theory  a t  this 
stage of p e rtu rb a tio n  theory developm ent. I t was hoped th a t  these m inu te  details can be 
included in to  a m acroscopic ad ju stm en t.
T h e  work of T iepel and  G ubbins (1972 a ,b ) on the  app lication  of p e rtu rb a tio n  
theo ry  to  the  prediction  of H enry’s law constan ts  in e lectro ly te solu tions appeared  to  be very 
prom ising  for the developm ent of a  global m acroscopic m odel for our specific system  of 
in terest. T iepel and  G ubbins (1973) also proposed a  m odel based on the  second order 
p e rtu rb a tio n  theory  of Leonard, H enderson, and  B arker (1970) for the  therm odynam ic  
properties of gases dissolved in an  electro ly te so lution. T h e  final equations closely resem ble 
those of scaled particle theory , b u t the  hard  sphere d iam eters are tem p era tu re  dependen t. In 
th is  approach , the H elm holtz free energy of a  fluid is expressed as a  T ay lo r series expansion 
ab o u t th a t o f a  fluid m ix tu re  of h a rd  spheres of different d iam eters w ith respect to  a  and  A, 
which m easure the  inverse steepness of the repulsive po ten tia l and  the dep th  of the  a ttra c tio n  
p a rt o f the  po ten tia l, respectively. T h e  equations of p e rtu rb a tio n  theory  can be m ade to  yield 
those of scaled partic le  theory  as a  special case. A d is tin c t ad v an tag e  is th a t  num erical values 
for m ost o f the  fu n d am en ta l p a ram ete rs  needed are readily  availab le  from  the lite ra tu re  or can 
be correlated  from  so lubility  experim ents w ith th e  system . A lthough  th is  m odel showed the 
m ost prom ise over the  o thers, it h ad  no t ye t been tested  for com plex system s o f the  ty p e  we 
were going to  deal w ith.
1-9 Summary
T his research is aim ed a t the  problem  orig inally  sponsored by D O E  : p red icting  how 
m uch m eth an e  (and o ther gases) is dissolved a t  equ ilib rium , know ing th e  tem p era tu re  and 
pressure of the  system , the  e lectro ly te  con ten t (sa lin ity ) of the  gas-free aqueous phase, and  the 
com position (re la tive  m ole ra tio s) of the  dissolved gases in th e  geopressured reservoir. In 
approach ing  the  solu tion  of th is  problem , we ou tlined  the  orig inal objectives of th is research as 
follows :
(a) to  develop a m odel for p red ic ting  H enry’s law  co n stan t an d  its  associated  ac tiv ity  
coefficient for each dissolved gas specie using p e rtu rb a tio n  theo ry  to  account for the  various 
in term olecualr in te rac tio n s in the  liquid phase.
(b) to  inco rpo ra te  all availab le  experim enta l d a ta  a t  various conditions and  use param eter- 
f ittin g  techniques as needed to  o b ta in  a global m odel for p red icting  m eth an e  so lubility .
(c) to  gain insigh t in to  the various effects of tem p era tu re , pressure, sa lin ity , and  o ther gas 
com ponents on m eth an e  solubility .
In ch ap te r 1, we have in troduced  th e  purpose and  relevant background o f th is  research. 
V arious aspects and approaches to  th is general ty p e  of problem  were review ed, including the 
Setchnow  equation , e lec trosta tic  theory , scaled partic le  theory , an d  p e rtu rb a tio n  theory .
C h ap te r 2 reviews specifically the  sub-system  consisting o f pure  m e th an e  gas dissolved in 
pure w ater or in brine solutions. E xperim en ta l d a ta  on th is system  are  presented. V arious 
previous corre la tions are  discussed. T h e  work of Coco and  Johnson  (1981), w hich was the
precursor to this research, is discussed at length.
In chap te r 3, we address th e  problem  often encountered  in m u lti-com ponen t phase 
equ ilib rium , th a t  is, the  varia tio n  o f H enry’s law co nstan t an d  its  associated  ac tiv ity  coefficient 
w ith  com position  of the liquid phase. A new approach  th rough  a  newly defined q u a n tity , the 
ap p a ren t ideal so lu tion  fugacity , f ^ ,  is presented  which enables us to  bypass the  difficulties of 
using H enry’s law- constan t in m u lticom ponen t system s. An expression for {°' is developed 
th rough  an app lica tion  of second-order B arker-IIenderson p e rtu rb a tio n  theory . Expressions for 
p a rtia l m olar volum e of the  solu te and  the iso therm al com pressib ility  of the p a rtia l m olar 
volum e are also developed to  account for the  varia tion  of th e  ap p a ren t ideal so lution fugacity  
w ith  to ta l pressure th rough  the  K richevsky-K asanovsky equation  (1935).
In ch ap te r 4, we discuss in de ta il all the  calcu lations involved in our m odel toge ther w ith 
the  com pu ter a lg o rith m  used to  solve sim ultaneously  the  th erm odynam ic  equations. W e 
discuss our reasoning for ad ju stin g  the <r pa ram ete r o f each com ponen t in the  L enard-Jones 
po ten tia l to  get a b e tte r  overall fit to  the availab le  experim ental d a ta . T he G R G 2 searching 
procedure is discussed along w ith  its  final resu lts, giving the  set of best- fitted  a  p aram eters . 
C h ap te r 5 com pares solubilities ca lcu la ted  from  th is  s tudy  w ith experim en ta l d a ta  an d  w ith 
correlations of previous investigations. T he effect of tem p era tu re , pressure, sa lt, an d  o ther 
gases on m eth an e  so lub ility  is discussed. F inally , in ch ap te r 6 , we p resen t som e conclusions 
and  recom m endations th a t  were developed from  th is  research.
Chapter 2
Previous Work on Correlation of Methane Solubility Data
2-1 In tro d u c tio n
T he aqueous solubility  of m eth an e  a t  high tem p era tu re  and  pressure is of in te rest for 
several reasons, the m ost im p o rta n t of which is th a t relatively  large q u an titie s  of m eth an e  can 
be dissolved in the vast geopressured w ater reservoirs located in L ouisiana and  T exas (even 
though  the m ethane conten t of the  w ater, expressed as m ole fraction  or as S C F /B a rre l of 
w ater, is qu ite  sm all). A q u a n tita tiv e  understand ing  of m e th an e  so lub ility  is required  as a 
first s tep  for es tim atin g  bo th  the  in-place and the recoverable q u an titie s  of m eth an e  gas in 
geopressured reservoirs.
2-2 E xperim en ta l W ork and  E arly  C orrelations
A num ber of experim ental investigations have been reported  on m eth an e  so lub ility  , as 
show n in T ab le  2-1. U ntil D O E becam e in terested  in geopressured reservoirs, m ost of the 
experim en ta l work dealt only w ith m ethane in pure w ater. L ittle  a tte n tio n  was devoted  by 
m ost investiga to rs to  brine solutions. An extensive experim ental s tu d y  was perform ed recently 
by B lount et. al. (1982) under the  sponsorship of DOE. I t  covered broad  ranges of 
tem p era tu re , pressure, and  sa lin ity , and also included som e experim ents w ith  gas m ix tures 




T ab le  2-1 A vailable published d a ta  on M ethane solubility  














et al.(1951) 72 25-71 20-690 0 none
O 'S ullivan  
et al.(1970) 50 51-125 100-600 0-19 none
Sultanov  
et al.( 1972) 71 150-360 50-1080 0 none
N am iot 
e t al.(1979) 14 50-350 295 0; 5.5 none
Price
et al.(1979) 71 154-354 35-1950 0 none
B lount 
et al.(1982) 670 100-240 136-1530 0-26 none
129 25-71 7-136 5-15 none
27 149 340-1530 5-15 C 0 2
26 150 678-1530 1 0 c 2h 6
Several correla tions of m eth an e  solubility  d a ta  existed before the  research program  
in itia ted  by Coco and Johnson  in 1980 was undertaken . T h is research is the  m ost recent phase 
of th a t p rogram . T he earliest correlation  consisted of som e experim entally -based  curves of
C ulberson-M cketta (1951), which were in general use for m any  years prior to  1976 for 
p red icting  th e  solubility  of m e th an e  in pure w ater. D uring th a t  tim e period, the  effect o f salt 
con ten t on m eth an e  solubility  w as estim ated  from  curves o f Isokrari (1976), who used a  
sa lting -ou t type  of correction factor proposed by Brill and  Beggs (1975). A n em pirical 
polynom ial fit o f the  original C ulberson-M cK etta. d a ta  was developed by G arg, e t al. (1977), 
and  an  analy tica l expression for th e  sa lting -ou t correction factor as a  function of salin ity  was 
given by P rich e tt. e t al. (1979), w hich was based solely on the  very lim ited  d a ta  for sa lt 
solutions o f O ’Sullivan and  S m ith  (1970). T he sa lting -ou t coefficient was assum ed to  be 
in v arian t w ith  tem p era tu re  and  pressure.
2-2-1 Correlation of Haas
T he first correlation  based on m ore extensive d a ta  th a n  th e  orig inal C ulberson- 
M cK etta  sources w as a sem i-em pirical correla tion  for m eth an e  so lubility  in pure w ater 
proposed by H aas (1979). I t was based on the  pure  w ater d a ta  of C ulberson-M cketta , 
Su ltanov , e t al. (1972), and Duffy, et al. (1961). T he H aas co rrela tion  procedure involved 
su b trac tin g  the vapor pressure o f pure w ater from  the  to ta l pressure to  e s tim a te  th e  p a rtia l 
pressure of the  m ethane, P q j j  , in  the  vapor phase and  then  p lo ttin g  the  m e th an e  co n ten t of 
the  w ater vs. I ii^X q jj j P q j j  j  to  o b ta in  s tra ig h t lines a t  co n stan t tem p era tu re .
T hese p lo ts will be s tra ig h t lines only over the  range in w hich (1) H enry’s law holds for the 
liquid phase. (2 ) in the  vapor phase the fugacity  coefficient of the  m eth an e  is co n stan t over the 
pressure range, and (3) the  ac tiv ity  coefficient o f the  w ater is 1.0. T h e  slopes and  in tercep ts of 
these lines were fitted  to  polynom ials in T  (C ). H aas proposed th a t,  for w ater-N aC l solutions, 
a co n stan t sa ltin g -o u t coefficient of 0.11 be used, based on the  d a ta  of O ’Sullivan an d  Sm ith . 
H aas’s co rrelation  was a  definite co n trib u tio n  for p red icting  so lub ility  o f m e th an e  in brine 
solu tion  a t high pressure. B ut the  ap p rox im ations and  sim plify ing assum ptions caused it  not 
to  be as g lobally  accu ra te  as one m ig h t desire, p articu la rly  a t  high pressure, m odera te-to -h igh  
m eth an e  solubilities, and  high electro ly te conten t.
2-2-2 Correlation of Blount
B lount, et al. (1979) developed by linear regression a  com pletely  em pirical polynom ial 
equation  to  fit his own so lubility  d a ta  for m eth an e  dissolved in N aC l solu tions. His equation  
involved m any  em pirical coefficients for various po lynom ial-type te rm s consisting o f p roducts 
of the  p a ram ete rs  T , P , and  sa lin ity  raised to  various powers. U nfortunate ly , m ethane 
solubilities p red icted  by th is equation  for pure w ater proved to  be as m uch as 25% higher th an  
the C ulberson-M cketta  curves or those calcu la ted  from  the correla tion  of H aas. A fter 
m odifying his calcu lated  so lubilities to  correct for an  error in experim en tal liquid  volum e, 
B lount (1982) la te r published the follow ing revised polynom ials :
A. In C1I4 =  -  1.4053 -  0.002332 t +  6.30 xlO " 6  t 2 -  0.004038 S
- 7 .5 7 9  xlO ' 6 P  +  0.5013 InP +  3.235 xlO ' 4  t InP (2-1)
S tan d ard  error of regression =  0.0706 M ultip le R  =  0.9944
B. In C II4 =  -  3.3544 -  0.002277 t  +  6.278x10'® t 2 -  0.004042 S
+  0.9904 InP -  0.0311 ( ln P )2+  3 .2 0 4 x l0 '4 t  InP  (2-2)
S tan d ard  error of regressions =  0.0709 M ultip le R  =  0.9943
W here C H 4 is in s tan d a rd  cubic feet (scf) o f dissolved m eth an e  per petro leum  barrel (42 
gallons) a t 25 C and  one atm osphere ; t  is tem p era tu res  in degree F ah renheit; S is sa lin ity  in 
g ram s per liter; and  P  is pressure in psi. T h e  tw o different co rrela tion  equations reported  by 
B lount e t al. con tain  som e term s th a t  differ, b u t the calcu lated  values o f  m eth an e  so lubility  are 
v irtu a lly  identical over the  recom m ended range of app licab ility , as suggested by the s tan d ard
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error and m u ltip le  regression coefficient of each equation .
B loun t's  revised correla tions are claim ed to  be valid  only for th e  tem p era tu re  range 
from  160 to  464 F and  the  pressure range from  3500 to  22500 psi. T hey  should  n o t be used for 
pressures and tem p era tu res  ou tside these ranges, as the  polynom ials behave e rra tically  when 
ex trap o la ted . Also, his correlations are based m ain ly  on the  experim en ta l d a ta  he o b ta ined  for 
brine solutions. He did not include any m e th an e /p u re -w a te r experim en ta l d a ta  in his analyses 
so th a t  p red iction  of zero m o la lity  conditions is ac tually  an  ex trap o la tio n  of his brine d a ta  
ou tside of the  range in w hich the p a ram ete rs  were fit. Therefore, these correlations show very 
large root m ean square deviations ( abou t 0.4 ) when com pared w ith  th e  experim en ta l d a ta  of 
S u ltanov  (1972). C ulberson-M cK etta  (1951), Price (1979), and  O ’Sullivan an d  S m ith  (1970) for 
m e th an e  in pure w ater, as show n in T ab le  2-2.
All of th e  previous a tte m p ts  a t  correlating  m eth an e  so lub ility  d a ta  described above 
were either graphical, em pirical or based on only the sim plest o f th erm o d y n am ic  re lationsh ips 
for phase equilib ria . One exception is the  work of Larsen and  P rau sn itz  (1984) which also was 
sponsored by D O E. T hey  developed an  equation  of s ta te  for the  m eth an e-w ater system  over a 
w ide range of tem p era tu re  and  pressure based on experim en tal residual therm odynam ic  
p roperties using an extended form  o f corresponding s ta te  theory  w ith  a  m olecular shape factor. 
T h e ir procedure included ad ju stin g  a set of b inary  pa ram ete rs  to  fit th e  experim en ta l 
w a te r /m e th a n e  d a ta  a t each tem p era tu re  b u t w ithou t m uch physical m eaning  a ttach ed  to  
th em . A lthough  good agreem ent w ith  experim ental d a ta  were reported  for m e th an e  in pure 
w ater, no num erical figures were given for us to  com pare w ith  o ther correlations. Also, the ir 
work were lim ited  to  m ethane in pure  w ater. T he effect o f sa lt and  o th e r gases on m ethane 
so lub ility  were no t included in the ir s tudy .
T ab le  2-2 A com parison of Solubilities of M ethane in W ater C alculated  by 
Haas, B loun t, an d  C oco-Johnson’s C orrelations w ith Published D a ta
D a ta  Set No. of T Pressure R. M. S. D*.
poin ts ( F ) (psia) H aas B lount Coco
S ultanov 1 0 302 715-15650 .0325 0 . 1 0 0 0 0.0628
(1972) 11 392 711-15650 .0777 0.0826 0.0591
11 482 1422-15650 .0463 0.2050 0.0663
1 0 572 2134-15650 .0540 0.4160 0.0306
9 662 2845-15650 .0364 1.3400 0.0715
9 626 2845-25650 .0717 0.6470 0.0600
6 680 3556-11379 .0714 0.7790 0.1610
to ta l 6 6 .0560 0.6270 0.0748
Culberson 1 2 77 341-9300 .0843 0 . 0 0 0 0 0.1930
et al 1 2 1 0 0 330-9895 . 2 1 0 0 0 . 0 0 0 0 0.0570
(1951) 1 2 160 331-9865 .0227 0 . 0 0 0 0 0.0249
1 2 2 2 0 333-8190 .0257 0.1240 0.0259
1 2 280 336-9835 .0329 0.1300 0.0436
1 2 340 323-9995 .0276 0.1430 0.0413
to ta l 72 .0419 0.1330 0.0870
P rice 8 309 2204-23778 .1070 0.0958 0.0884
(1979) 7 403 2323-27908 .0525 0.0792 0.0530
6 430 5332-20530 .0548 0.0620 0.0554
1 2 453 2160-23837 .0814 0.1190 0.0693
9 536 2866-27393 .2080 0.1810 0.1070
7 558 1567-24498 .2180 0.2650 0.1040
7 601 3631-27746 .2750 0.1520 0.0970
to ta l 56 .1610 0.1470 0.0848
O ’sullivan 6 125 1470-8818 .0251 0.1300 0.0151
an d  S m ith 6 217 1484-8876 .0362 0 . 1 1 0 0 0.0164
(1970) 6 257 1514-8935 .1140 0.2370 0.0953
to ta l 18 .0706 0.1680 0.0565
N am io t
(1979) 7 122-662 4595 .0465 0.2860 0.0310
T O T A L  FO R
ALL D A TA  219 77-6S0 711-27908 .0930 0.4140 0.0794
* RM SD is defined in equation  4-32
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2-2-3 Correlation of Coco and Johnson
In recent years, com puters have provided us w ith  the  capab ility  to  tre a t 
m u ltico m p o n en t vapor-liqu id  equilib ria  of system s w ith  m ore fu n d am en ta l, a lbe it m ore 
com plicated , equations. (T he U N IFA C  and  U N IQ U A C approaches to  vapor-liqu id  equilib ria 
calcu lations for non-electrolytic system s can be applied  successfully only as com puter 
p rogram s.) I t  would appear th a t  th e  availab le d a ta  for th is  system  should also be am enable  to  
an  im proved analysis based on fu n d am en ta l therm odynam ic  relationsh ips. T h is  was the 
s ta r tin g  thesis for Coco and Joh n so n 's  (1981) work, and  th e  correla tion  th a t  was developed by 
them  for the m ethane-w ater-N aC l system  proved to be superior to  th e  o ther correlations th a t 
existed a t  th a t  tim e.
Coco and  Johnson (1981) undertook  a  sub-task  to  develop a  com p u ter subprogram  to  
pred ict the  equilib rium  m ethane co n ten t o f an  underground geopressured reservoir, given an 
estim a te  o f its  tem p era tu re , pressure and sa lin ity . A brief su m m ary  o f the developm ent of the  
equations used by Coco and Johnson  for p red icting  m eth an e  so lub ility  in brine solutions 
follows.
T he fu n d am en ta l re la tionsh ips defining vqpor-liquid  equilib rium  conditions are  well 





f£ =  4  (2 -6 )
For m ethane dissolved in pure w ater, the  fugacities in equations (2-5), and  (2-6) m ay be 
replaced by their equivalent therm odynam ic  expressions to  give:
^ y i P  =  (2-7)
t>2 y 2 P  =  x 2 H 2 x (2-8)
W here y and x are the  m ole fraction  in vapo r and  liquid phases respectively. In the Coco and 
Jo h n so n ’s subprogram  SO LU TE, the  value of ^ f , the  fugacity  coefficient of w ater vapor a t 
sa tu ra tio n  pressure was calculated  from  an equation  of s ta te  for pure w ater given by K eenan, 
e t al. (1969). V alues for <p1 and  <j>2 > the  fugacity  coefficients for w ater and  m eth an e  in the 
vapor m ix tu re  were calcu lated  based on an  equation  o f s ta te  developed by N akam ura , et al. 
(1976) for hydrocarbon system s con ta in ing  w ater vapor. T he P o yn ting  correction  factor, i 
was calcu lated  from  a fundam en ta l therm odynam ic  equation  (P rau sn itz , 1969), using an 
equation  for the liquid m olar volum e for w ater as a  function  of tem p era tu re  by Yaws (1977). 
O f course, H enry’s law constan t, Ho i  , in equation  (2-8) was no t a  priori calculable for 
m ethane  in w ater. In th e  Coco and  Jo h n so n ’s approach , all the  availab le published 
experim ental d a ta  were used to  o b ta in  a  co rrelation  o f H enry’s law co n stan t w ith  tem pera tu re , 
pressure, and  m ethane con ten t of the  liquid  phase.
T h e  effect of pressure on H enry’s law  co n stan t a t  infin ite  d ilu tion  has been show n to  be 
(P rau sn itz , 1969) :
d  ln( H 2  1)t  _  V 2_ (e)
8V  ~  R T  1 '
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where V 2  is the  p a rtia l m olar volum e of the  gas (m ethane) in the  solvent a t  infinite d ilu tion .
In teg ra tio n  of equation  (2-9) betw een the  lim its  of zero and  P  gives:
P  CO
( ® 2 , 1  )t  , P =  ( ^2,1 )t , o  exP ^  (2-10)
0
w here ( H , j )-p G is the  value o f H enry’s law  co n stan t a t  zero pressure. I t  is reasonable to
 CO
consider th a t V 2  itse lf varies linearly  w ith  pressure over the  range of in terest.
 CO
V 2  =  b 2 ( 1 — 2 C ,P  ) (2-11)
w here C ,  is recognized as the  com pressib ility  of the  p a rtia l m olar volum e, w hich is a  positive
q u a n tity . S u b stitu tio n  (2-11) in to  (2-10) and  in teg ra tin g  gives:
n̂ ( ^  2,1 ) t ,  P ~  (3 2 ) t  +  p ^ (   ̂ — C 2P ) P  (2-12)
T he te rm  (a 2 )q- is the H enry’s co nstan t for m eth an e  a t  zero pressure and  T . T he effect of 
tem p era tu re  on H enry’s law  co n stan t is given by (P rau sn itz , 1969) :
<91n ( H 2 x) t  p  _  A ho
(9T -1 ~  R }
w here A h 2 is th e  p a rtia l m olar en tha lpy  change of so lu tion  o f th e  m eth an e  in w ater a t 
in fin ite  d ilu tion . T h is re la tionsh ips is no t qu ite  as useful as equation  (2-9) for the  effect of 
pressure, because less can be said  in general ab o u t th e  behavior of A h ,  . ( I t  m ay pass th rough  
zero, an d  m ay  have a positive or a negative slope when p lo tted  vs tem p era tu re .)  If a  second 
order re la tionsh ip  w ith tem p era tu re  for A h 2 is assum ed over the  range of in terest, the  
follow ing equation  results from  correlating  the d a ta  for a  b in ary  m ix tu re  w ith both
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tem p era tu re  and  pressure. (In th is equation , the  effect o f pressure on p aram eters  a x, a 2 and 
a 3 or of tem p era tu re  on p a ram ete rs  b 2 and c 2 is considered negligible.)
(ln( II °2A  )T t  p  =  aQ +  I  -  i  ( T  -  T 0 )
+  (1 -  C 2P  ) P  (2-14)
6
T o  account for the  effect on H enry’s law co n stan t of the  m eth an e  co n ten t o f the  liquid  , the  
tw o suffix M argules equation  should  app rox im ates the  change in th e  ac tiv ity  coefficient of the  
w ater qu ite  well for d ilu te  solutions.
ln 7 l =  lXT X 2  (2-15)
T he ac tiv ity  coefficient o f the  m e th an e  is then  found from  the  G ibbs-D uhem  equation  as 
(P rau sn itz , 1969) :
ln *>2 =  W f { X2  1 ) (2-16)
I t is im p o rta n t to  realize th a t  equa tion  (2-14) is valid  only for in fin ite  d ilu te  cond itions of 
m e th an e  in pure  w ater. E quation  (2-16) was added  to  (2-14) to  accoun t for the  m ethane 
co n ten t effect for th e  range of so lub ility  encountered  in ac tu a l so lu tions o f m eth an e  an d  w ater. 
B ased on these re lationsh ips, the equation  Coco and  Johnson  developed to  correlate  all the 
availab le  d a ta  o f H enry’s law co n stan t for m ethane in pure  w ater was:
In( H )Ti p  =  aQ +  | I (  I  -  J -  ) +  j g  ( T  -  T 0 )
+ITT (1 + cP)p + WT{ x2 “  1 ) <2-17)
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where a Q =  10.407
a x =  — 6814.8 ca l/  gm ole 
a 2 =  — 0.0533 c a l /  gm ole-K 2 
b =  62.33 +  0.007338 (T -T 0  ) c c / gm ole 
c =  — 9.149 xlO ' 5  a tm ' 1 
d =  22.73 -  549.8 ln ( T /T 0  ) c a l /  gm ole-K  
R c =  1.987 c a l/  gm ole-K  
Rg =  82.05 c c -a tm / gm ole-K  
W hen sa lt is added to  the  b inary  C II 4 -H 20  so lu tion , the H enry’s law co n stan t of C H 4 will
change. Had a  therm odynam ic  re la tionsh ip  for —— existed, it would have been easv to
salt
extend equation  (2-17) to  brine solu tions. U nfortunate ly , no such fu n d am en ta l re la tion  has 
been found. T he only availab le  one is the  fam ilia r b u t sem i-em pirical Setschenow  equation  
(1-1). T h is  equation  can be w ritten  in  an o th er form  as:
H2, m =  HS l  e ksmi (2- 18)
T he e ^ ,n is  te rm  is a correction fac to r for the  effect of sa lt co n ten t, w ith K a, the  sa lting -ou t 
coefficient, the  q u a n tita tiv e  m easure  of th is  effect. T h is equation  can  satisfy  the  boundary  
conditions as :
m s  >  0 H 2) m   >  H£ x (2-19a)
m s ------------->  oo x 2  >  0 (2-19b)
Coco and  Johnson  used equation  (2-18) in th e ir analysis. An em pirical re la tionsh ip  for the 
effect o f tem p era tu re  on K , based on availab le  experim entally  determ ined  values of K s was
used for the  tem p era tu re  range betw een 323 K and  623 K
Ks =  K 0  +  K j (T  -  T 0  ) +  K , ( T -  T 0 ) 2 (2-20)
T he p aram eters  and  the ir 95% confidence lim its  were determ ined
K0  =  0.08 ±  0.00973 cc/gm ole 
Kj =  0.0002751 ±  0.0000653 cc/gm ole-K  
Iv2 =  4.39 xlO " 6  ±  1.59 xlO " 6  cc /gm ole-K 2 
T 0  =  455.65 K (a rb itra ry  reference tem p era tu re)
T he final equation  for co rrelating  H enry’s law co n stan t in  brine solu tion  was then  ob tained  by 
com bining equation  (2-17), (2-18), and  (2-20) :
ln I I2) m =  a G +  |T (  1  _  _L  ) q. _ 2  ( x  _  x o ) +  j ^ 7p  (1 +  cP )P  +  j ^ (  x |  — 1 )
c o c g
+  2.303m s ( k g +  K x (T  -  T 0  ) +  K 2 ( T -  T 0 )2)  (2-21)
T h e  work of Coco and Johnson  m arks the first a tte m p t to  correlate  the  availab le  d a ta  
th rough  th e  app lica tion  of know n fu n d am en ta l therm odynam ic  re la tionsh ips w ithou t m aking 
sim plify ing assum ptions. I t  resulted  in a  lower RM SD value th a n  e ither H aas’ co rrelation  and  
B lo u n t’s po lynom ial when applied  over all th e  availab le  d a ta  on m eth an e  so lub ility  in pure 
w ater, as shown in T ab le  2-2. As shown in equation  (2-21), the  dependence o f H enry’s law 
co n stan t upon tem p era tu re , pressure, and  sa lt co n ten t o f the  liquid phase is expressed in term s 
of a num ber of physically  m eaningful param eters . F or exam ple, in equaton  (2-21):
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aj is the  p a rtia l m olar en tha lpy  of m ethane in w ater a t  T  
b is the p a rtia l m olar volum e of m ethane
c is the  com pressib ility
d is the M argule’s coefficient, for the ac tiv ity  coefficient o f m eth an e  in w ater
A lthough equation  (2-21) was by far the m ost effective correlation  ye t availab le , it  s till had  its
lim ita tio n s. F irst of all, it does not account for a  system  con ta in ing  o ther dissolved gases such 
as C 0 2 an d  C 2 H 6 , both of which are  present in geopressured brine. T o  do so would involve 
d e te rm in a tio n  o f add itional sim ilar param eters for each gas from  experim en ta l d a ta , and  then 
allow ing som ehow  for any in terac tive  effects of the  gases in solution upon each other. 
Secondly, som e of the p aram eter values which resulted  from  correlating  H enry’s Law constan t 
are subject to  criticism . For exam ple, the  p a rtia l m olar volum e of m e th an e  in w ater was 
correla ted  to  be 61.18 cm 3 /g -m o le  a t  298 Iv, while the  independently  o b ta ined  experim ental 
value is abou t 37.0 (Ivrichevsky, 1945). T h ird ly , the  valid ity  o f the  Setchenow  equation  had
been assum ed, which is not necessarily tru e  for concen tra ted  sa lt so lu tions nor is there  any
fu n d am en ta l basis for extending  it to  a  so lu tion of m ixed salts. One possible extension of 
equation  (2-18) to  include correction factors for o ther com ponents would give:
H 2, m  -  II2  j  e k lsm is  e k2sl" 2s .................... e k n *m n j (2-22 )
T he p rim ary  assum ption  behind th is  is the ad d itiv ity  of the  effects o f various sa lts  and  other- 
dissolved gases on the  ac tiv ity  coefficient of the  dissolved m ethane. In  o ther words, no 
in te rac tions exist am ong the various com ponent species them selves th a t  would affect their 
ind iv idual com ponen t in terac tions w ith  m ethane. T h is clearly  m ay  no t be the  case for our 
system  of in terest. An even m ore fundam enta l approach  was needed to  im prove the  theoretical 
basis of the  correlation  before it could be extended to  include o ther sa lts  and  o ther gases.
Chapter 3
D evelopm ent o f  G overning E quations o f Phase E qu ilib ria  
for A C om plicated  System  of Gases, E lectro ly tic  Salts, A nd W ate r
In th is  chap ter, we develop th e  working equations we used for ca lcu lating  phase 
equ ilib ria  for our system . S ta rtin g  w ith  a general defin ition  of the  system  under consideration  
in section 3-1, we next discuss equ ilib rium  relationsh ips in section 3-2 using trad itio n a l liquid- 
phase ac tiv ity  coefficients and  reference sta tes . Because of the  difficulties th a t  exist in applying 
H enry 's co n stan t and its  associated  ac tiv ity  coefficient for m u lticom ponen t system s, we then 
propose a  new approach , involving a  new therm odynam ic  p roperty , f ° ' , th a t  we have chosen to  
call the  ap p aren t ideal so lu tion  fugacity  of pure com ponent i. In section 3-3, a fte r a  brief 
review of s ta tis tica l m echanics, we show how the  chem ical p o ten tia l of a  com ponent in  a  real 
liquid solu tion  can be calcu la ted  th rough  p ertu rb a tio n  theory . W e then  proceed to  relate th is 
chem ical p o ten tia l to  our new ly-defined p roperty , { f , where the  fugacity  f̂  o f a gas com ponent 
in the  liquid phase is equal to  f^x ,-. A fter defining the p o ten tia l energy re la tionsh ip  for the 
com ponents in our system , an expression for the  ap p aren t ideal so lu tion  fugacity , f?*, of a  real 
gas com ponent i at. the  sa tu ra tio n  pressure of the  solvent is o b ta ined  for our specific system . 
Sections 3-4 and  3-5 present an a ly tica l results we ob ta ined  from  p ertu rb a tio n  theory  for 
de term in ing  the p a rtia l m olar volum e of a  gas com ponent and  the  iso therm al com pressib ility  
of the  p a rtia l m olar volum e, respectively. These tw o form ulae are then  used to  ad ju s t the 
expression for ap p a ren t ideal so lu tion  fugacity , i f , from  th e  so lvent sa tu ra tio n  pressure up  to  
the  high pressure of the  system  in section 3-6. F inally , in section 3-7, we discuss the  m ethod  
th a t  was used to  evaluate  w hether p a rtia l dissociation of the  C 0 2 m olecule in the liquid phase 




T his research was a im ed a t  developing a  m ore fu n d am en ta l, therm odynam ic-o rien ted  
global m odel for p red icting  the m eth an e  con ten t of geopressured brine reservoirs th a n  th a t  of 
any  previous research. A fter ex isting  m illions of years buried underground  far b eneath  the 
surface of the  ea rth , th e  geopressured brine is considered to  con ta in  dissolved m e th an e  and  
o ther gases in equilib rium  w ith its  corresponding gas phase a t  the  m odera te  tem p era tu re  and  
very high pressure conditions o f the  reservoir. T h is equ ilib rium  s ta te  is considered to  be tru e  
for all vo latile  com ponen ts in the system , such as I12 0 ,  C 0 2, an d  C 2H 6. A schem atic  
rep resen ta tion  of the equilib rium  system  is show n in F igure 3-1. T h e  non-volatile  s trong  
electro lytes p resen t in the  brine, such as N aCl and  C aC l2, are assum ed to  d issociate com pletely  
in to  th e ir ionic form s. T he possib ility  of chem ical reaction  betw een w ater and  C 0 2 to  produce 
IIC O 3 and  ions is also considered. T o  fix the  system  descrip tion , we identify  all the  
possible species in the  system  by subscrip ts  1 th rough  18. T h is n o ta tio n  is used th ro u g h o u t 
th is  s tudy  and  also in the  com pu ter p rogram . As show n in T ab le  3-1, som e of the  subscrip t 
num bers are  reserved for fu tu re  consideration  of species o ther th a n  those stud ied  so far in th is 
research.
T o  define a phase equ ilib rium  problem  th a t  can  be solved, several specifications besides 
system  tem p era tu re  and  pressure m u st be m ade. T he specification set used in th is  research is : 
T h e  m o la lity  for each s trong  electro ly te is specified in the  liquid phase on a  gas-free basis, i.e., 
before any  gases are dissolved, and  the  ra tio  of m oles of each dissolved gas o ther th a n  m ethane, 
such as C 2I i 6 or C 0 2, to  the  m oles o f C II4 dissolved is specified. O th er specification sets 
could be chosen, b u t these proposed specifications are equ ivalen t to  the  problem  orig inally  
sponsored by D O E, i.e., for know n (or expected ) ra tio s of C H 4 to  C 0 2 a n d /o r  C 2H 6 in the  
dissolved gas phase, and  known (or expected ) gas-free brine com position, how m uch dissolved
- -  T
Vapor Phase
C,H«
G02 4- H20 ? s H + -f HC03”
O r
Liquid Phase
Figure 3-1 Schematic representation of the system under consideration
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.Table 3-1 C lassification of subscrip t num ber used in th is s tudy  and  
com puter program .
Subscrip t C om ponent C lassification
1 H 20 Solvent
2 Solvent H 20 )
3 c h 4 Non dissociate
4 CoH 6 gases
5 other gas ••
6 C O , D issociate gases
7 other gas
8 N a+
9 C a + 2 Strong
1 0 o th e r cation
11 c i - E lectro ly te
1 2 I -
13 otlier anion
14 H+
15 IIC O t W eak
16 other weak
17 electro ly te E lectro ly te
18
C II4 can be expected per barrel o f brine a t  the  know n or expected tem p era tu re  and  pressure of 
the reservoir.
3-2 Solub ility  o f G ases in L iquids
In th is  section, we give a  b rie f review of the  equations needed in dealing w ith solubility  
of gases in an  aqueous solution and  then  propose th a t  the  expression for fugacity  of a  so lute gas 
i in the  liquid phase can be im proved by defining a new therm odynam ic  property , { ° ' . T he 
term  ‘so lubility  of a gas’ generally refers to  the liquid phase concen tra tion  of a  com ponent th a t 
would no t exist as a pure liquid  a t  the  system  tem p era tu re  T  and  pressure P , either because its 
vapor pressure is m uch higher th a n  P  or its  critical tem p era tu re  is less th an  T . T he 
therm odynam ic  condition  necessary for each com ponent i in a  system  conta in ing  tw o phases, 
vapor and  liquid, a t  equ ilib rium  can be s ta ted  as : the  escaping tendency  of com ponent i from  
bo th  phases m u st be equal. T h is  condition , by defin ition , is expressed m ath em atica lly  as: the 
chem ical p o ten tia ls  and , therefore, th e  fugacities of com ponent i in b o th  phases are  equal a t
w here Y is the  vector set o f vapor m ole fractions and  X is th a t  o f liquid mole fractions. T he 
fugacity  of com ponent i in the  gaseous phase can be expressed by :
equilibrium :
f f (  T , P  , Y ) =  ff  ( T  , P , X ) (3-1)
(3-2)
where <j){ is the  fugacity  coefficient o f com ponent i in th e  vapor phase. In the  liquid phase, one
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trad itio n a l approach  is to  define th is  fugacity  in term s of a  m easurab le  q u a n tity  as reference 
s ta te  and  ad ju s t it to  system  conditions th rough the ac tiv ity  coefficient as in equation  (3-3):
ff =  7 i x f 1? (3-3)
w here f? is th e  reference s ta te  fugacity  chosen for com ponent i. I t  is im p o rta n t to  realize th a t  
th e  ac tiv ity  coefficient is m eaningless un til the  reference s ta te  is specified. T h e  conventional 
reference s ta te  for a  solvent com ponent is its pure liquid s ta te  a t  th e  tem p era tu re  and  pressure 
of the  system . Therefore,
7t --------------- >  1 as x ,--------------- >  1 (3-4)
T h is is know n as th e  norm alization  o f the  ac tiv ity  coefficient according to  th e  Lew is-Randall 
(P rau sn itz , 1969) rule. T he fugacity  of the  pure liquid reference s ta te  can be expressed as :
f? =  #  P* exp
p  V
R TL d P  (3-5)
w here P* is the  sa tu ra tio n  vapor pressure of pure liquid i a t  tem p era tu re  T ; <j>\ is the 
fugacity  coefficient of pure sa tu ra te d  vapor i a t  tem p era tu re  T  an d  sa tu ra tio n  pressure P ’ , 
w hich accoun ts for the  non-ideality  of pure i from  ideal gas behavior a t  P  ■ . T h e  exponential 
te rm  is th e  P o y n tin g  factor, which corrects the  fugacity  o f th e  reference s ta te  pure  liquid i from  
its own sa tu ra tio n  pressure to  system  pressure P. V? is th e  m olar volum e o f the  pure  liquid i.
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For a so lu te  gas com ponent, whose critical tem p era tu re  is usually  lower th a n  the  
system  tem p era tu re , equation  3-5 bears no physical m eaning because the  solute gas does no t 
exist as pure liquid a t  the tem p era tu re  of the  system . T h u s  one can n o t know  the  vapor 
pressure upon which the  pure liquid is based as in equation  (3-5). A linear ex trap o la tio n  on a 
sem i-logarithm ic p lo t of sa tu ra tio n  pressure versus reciprocal abso lu te  tem p era tu re  as show n in 
F igure 3-2 (P rau sn itz , 1969) has been used to  define a  hypo the tica l pure liquid  vapor pressure 
bu t th is is no t generally accepted, especially when system  tem p era tu re  is well above the  critical 
tem p era tu re  of the  solute gas. An a lte rn a tiv e  way to  deal w ith  th is  problem  of the  reference 
s ta te  of a so lute gas is th rough  the concept o f H enry’s law. O rig inated  th rough  experim ental 
observations a t  low pressure, H enry’s law sta te s  :
ff  =  H° x,- w hen x , ------------- >  0 (3-6)
W here 11° is the H enry’s co n stan t for com ponent i in th is system . Since H° is an  
experim entally  accessible q u an tity , i t  is su itab le  to  define it  as a  reference s ta te  upon which the 
ac tiv ity  coefficient is based to  ad ju s t to  the  condition  of a  real system . B u t we need to  realize 
th a t H enry’s law  and  a reference s ta te  based on H enry’s co n stan t are tw o separa te  and  d is tin c t 
concepts (V an Ness and  A bb o tt, 1979). For a b inary  system , a  reference s ta te  based on the  
H enry’s co n stan t gives :
f? =  l i  H° (3-7 a)
where
>  1 as x ;- -------------- >  0 (3-7 b)
Critical Point
iA
Figure 3-2 Extrapolation of liquid saturation pressure into hypothetical liquid region
Since the solvent (equation  3-4) and  so lu te (equation  3-7) are  no t norm alized in the  sam e way, 
th is  approach  is usually  referred to  as th e  unsym m etric  convention for norm alization . 
However, for a m u lticom ponen t system , care m u st be taken  to  specify exactly  the  condition 
th a t  gives */,■ — >  1. T h is is show n in F igure 3-3 (V an Ness an d  A b b o tt, 1979) for the  case of 
a  te rn a ry  system . Let us assum e th a t  com ponen t 3 is supercritical and , therefore, H enry’s 
co n stan t m ust be used for reference s ta te . In p lane 3-1, H 3>1 is the  H enry’s co n stan t for b inary  
system  3-1. So is I I3 2 for the  b in ary  system  3-2. However, for an  in te rm ed ia te  solvent 
com position , the  vertical p lane represen ting  a  co n stan t ra tio  of X 1/X 2 in tersects the  X 3= l  
axis a t ln H 3 m . It is easy to  see th a t  d ifferent ra tios of X j /X 2 will result in different values of 
lnH 3 m in general. Hence, there  is no single value of H 3 m to  characterize  a  unique reference 
s ta te  for com ponent 3 in a te rn a ry  system . In stead , there  are  an  in fin ite  num ber of reference 
sta te s  for com ponent 3, depending upon the  com position  of th e  com ponent 3-free m ix tu re  in 
which com ponent 3 is dissolved. T h u s, bo th  the  reference s ta te  fugacity  H 3)m, and  the  ac tiv ity  
coefficient associated w ith  it are dependen t upon the  com position  of the  solu tion.
A com m on p ractice  for tre a tin g  m u lticom ponen t m ix tu res o f so lu te  gases dissolved in 
one pure solvent is to  use for each so lu te  gas the  ind iv idual b inary  H enry’s co n stan t a t  infinite 
d ilu tion  conditions and  to  correct the  v a ria tio n  of the ac tiv ity  coefficient of each gas 
com ponent w ith the solution com position th ro u g h  Tw o-Suffix M argules or W ilson’s equations, 
as in the work of W illiam s (1987). However, as po in ted  ou t by W illiam s, the  num ber of 
independen t pa ram ete rs  to  be de term ined  in W ilson’s equation  could reach as m any  as eight 
for a  sim ple te rn ary  system . T h is tre a tm e n t would becom e even m ore com plex as the  num ber 
of gas com ponents increases and  it becom es essentially  infeasible to  use th is  idea of infin ite  






Figure 3-3 Variation o f Henry’s law constant with com position in a ternary system
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In tliis research, we applied  a  new approach  to  tre a t gas solubility  in a  liquid. O ur 
tre a tm e n t is based on an idea proposed by Reed and  G ubbins (1973), for calcu lating  H enry’s 
law co n stan t o f a so lu te gas from  p ertu rb a tio n  theory , b u t n o t m any people are yet aw are of 
its  full significance for hand ling  m ulticom ponen t gas-liquid equilib rium  problem s. T hrough  the 
derivation  presented  in section 3-3-3, we shall see th a t  a  new q u an tity , f? , ) which is actually  
th e  p roduct of a  H enry’s co n stan t an d  its  corresponding ac tiv ity  coefficient for a  gas 
com ponent in the  system , can be evaluated  directly  for each solu te gas using p e rtu rb a tio n  
theory . W e refer to  th is q u a n tity , f ^ ,  as the ap p aren t ideal so lution fugacity  o f pure 
com ponent i. O ur reasoning for in troducing  th is new sym bol for a  therm odynam ic  p roperty  of 
a com ponent is as follows.
For a m u lticom ponen t system , the  use of a  H enry’s law  co n stan t (which is a  chosen 
reference s ta te  fugacity  of gas com ponent i) m ultip lied  by its  associated  ac tiv ity  coefficient, 
w hich varies w ith  com position , affords no real conceptual adv an tag e . I t  d id  provide a 
conceptual ad v an tag e  for b inary  m ix tu res because the H enry’s law  co n stan t was unique for 
each b inary  system  and  com position-independent, w ith  the  com position dependence of the 
fugacity  of i clearly accounted  for by the ac tiv ity  coefficient alone. T h is ad van tage  is 
com pletely lost for m u lti-com ponen t m ix tures sim ply because the  H enry’s law co n stan t for 
each gas com ponent i m u st also be a function  of the com position o f  the  com ponent i-free liquid 
phase, so there  is no longer an  iso lation o f the com position dependence in only one param eter, 
the  ac tiv ity  coefficient. F u rth erm o re , the  ac tiv ity  coefficient o f  each so lu te  gas depends on the 
concen tra tion  of all the  dissolved gases. W e propose th a t  i t  is therefore m ore useful to  replace 
the  com bined p roduct o f the  tw o param eters  w ith only one com position-dependent sym bol 
(and p roperty ), which can be th o u g h t of conceptually  as the  ap p a ren t ideal so lu tion  fugacity  
of com ponent i a t the  system  conditions because it  needs only to  be m ultip lied  by x,-, the mole 
fraction  of com ponent i, to  give th e  fugacity  of com ponent i in the  m ix tu re . For tru ly  ideal
so lu tions th is q u an tity  would sim ply  be f?, the  pure  com ponent reference s ta te  fugacity  for 
each com ponent in the solution. F o r non-ideal so lu tions, the  proposed new therm odynam ic  
property  i f ,  which is indeed m ix tu re  com position dependen t, represents the  ap p a ren t ideal 
so lu tion  fugacity  of com ponent i a t  the tem p era tu re  and  pressure of the  system , and , of 
course, it is a  function of the com position of the  liquid m ix tu re , including com ponent i. As we 
will see la te r, there  is an  im p o rta n t ad v an tag e  of replacing th e  p roduct o f H enry’s law  constan t 
an d  its associated  ac tiv ity  coefficient w ith  f?1 : it  is th a t  f ^  can be calcu la ted  from  
p e rtu rb a tio n  theory  by the m ethods derived in th is  chap ter.
I t  should be noted th a t  since i { =  x f f° , we could have used the  n o ta tio n  jA to  
represen t the  ap p a ren t ideal so lu tion  fugacity  of pure com ponen t i, b u t we chose to  em phasize 
th a t  th is  q u a n tity  can be considered to  be a  therm odynam ic  p ro p erty  of the  solute gas in the 
liquid m ix tu re  by referring to  it by the single sym bol i f . T h is q u a n tity  is a m easure of the 
effect o f all the  species in the  solu tion  on the  fugacity  of so lute gas i. A ccordingly, using the 
new q u an ty  i f , for each gas com ponent, the  phase equilib rium  rela tion  for a  system  consisting 
of H 20 ,  C II4. C 2 H 6, and  C 0 2 can th u s be w ritten  as: 
for w ater,
>’i  p  =  Ti * i 4>i exp
V c
—  dP  R T  aJ (3-8)
for C IL  :
^3  y 3 P  — x 3 (  5̂ )  — x 3 (  P, (3-9)
for C 2H 6 :
<j>4 y 4 P  =  x 4 (  3̂ )  =  x 4 (  f ^ T ,  P, x (3-10)
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for C 0 2 :
^ 6  -v 6  ^  =  x 6  (  5 ^ )  “  x 6  (  *6 , ) t ,  P, x (3 -H )
where P x the  ap p a ren t ideal solution fugacity  o f a  gas com ponent i in the
m ix tu re  a t  T  an d  P . T h e  left h an d  side of these equations can be calcu lated  from  a  su itab le  
equation  of s ta te . B u t the  ap p a ren t ideal so lu tion  fugacities f | , 1 f ^  and  fg* are  no t 
p red ic tab le  via the  equation  of s ta te  approach  and  have to  be evaluated  th rough  som e solution
m odel. As we have already  m entioned  in chap te r 1, p e rtu rb a tio n  theo ry  provides such a  way
in th e  con tex t of solu tion  theory.
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3-3 Perturbation Approach
3-3-1 In troduction  to  S ta tis tica l M echanics
C lassical therm odynam ics supplies the  re la tionsh ips betw een m any  m acroscopic 
properties of a  system  b u t does no t generate  in fo rm ation  concerning th e  m ag n itu d e  of any  one. 
S ta tis tica l m echanics, on the  o th e r han d , is the  science o f draw ing  m acroscopic conclusions 
from  m icroscopic hypotheses ab o u t system s. Based on knowledge of th e  n a tu re  of the  partic les 
th a t  co n stitu te  a system  and on q u a n tita tiv e  p red ictions of th e  in te rac tions am ong them , 
s ta tis tic a l m echanics provides a w ay of com puting  the m acroscopic therm odynam ic  properties 
th rough  the bridge of the canonical p a rtitio n  function  Q :
co n trib u tio n s which is independent o f density  and  is therefore the sam e for a  real fluid or solid 
as for an  ideal gas. W e will co ncen tra te  on the  configurational p a rtitio n  function , Q c , w hich is 
dependen t on density  and  is affected by in term olecu lar forces. Q c is defined as :
Q =  Q in t(T , N) • Q c (N , V ,T ) (3-12)
W here Q jn t is the p a rt of p a rtitio n  function  due to  v ib ra tio n a l, ro ta tio n a l, and  electronic
Qc (3-13)
1/2
W here A =  h /(27rm K T  ) , h is the  P lan ck ’s co n stan t, K is th e  B o ltzm ann  con stan t, N is
the  n um ber of m olecules, and  Zc is th e  configurational in teg ra l defined as :
Zc =  / .......  /  exp [ -  U (r) /K T  ] dr (3-14)
W here U (r) is the  to ta l in term olecu lar p o ten tia l energy. T h e  key to  evaluating
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th erm odynam ics p roperties of a real fluid th rough  s ta tis tic a l m echanics is to  re la te  the 
configurational p a rtitio n  function, Q c , to  the  configurational Helm holz free energy AC(N, V, T ) 
which has th e  sam e set of independen t variab les N, V, and  T  as in th e  case o f canonical 
ensem ble. A m ong all of the  therm odynam ic  functions, th e  configurational H elm holz free 
energy is d irectly  p ropo rtio n a l to  th e  log arith rm  of the  configurational p a rtitio n  function.
K T  ln Q c (3-15)
and all th e rm odynam ic  preperties can be derived s ta r tin g  w ith  its  to ta l differential form . 
T herefore, from
dA  =  — S dT  -  PdV  +  £  //; dN j (3-16)
For exam ple, we can get
d A
<9V
=  k t   9  y





d  N f T, V, N.
J O ^ i )
K T  d  InQ
0N,. T , V, N.
J 0 # 1)
(3-18)
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3-3-2 Perturbation Approach to Obtain Chemical Potential
T h e to ta l po ten tia l energy U (r) appearing  in the  Zc equation  is usually  assum ed to  be 
pairw ise add itiv e  as a  convenient app ro x im atio n  since little  is know n ab o u t th ree-, four- or 
higher-body forces (P rau sn itz , 1969):
U (r) =  E E  V;. (r) (3-19)
i  <  j  J
w here V — (r) is the  in term olecu lar po ten tia l betw een m olecule i and  m olecule j .
T h e  p e rtu rb a tio n  approach  relates the properties of the  real system  to  those of a
reference system . In order to  do so, Zwanzig (1954) in troduced  a  p e rtu rb a tio n  parem eter, A,
to  re la te  the in term olecu lar p o ten tia l o f a real fluid to  th a t  o f a  reference fluid as :
V ij ( r - A ) =  (r) +  A V f, (r) (3-20)
W here V ° is the reference p o ten tia l and  V p is the pertu rbed  po ten tia l, when A =  1, equation  
3-20 gives the po ten tia l of the  real system ; A=0 gives the  po ten tia l of the reference system . 
By su b s titu tin g  th is  new form ula in to  the configurational in tegral, Zc , we get :
Zc =  / ...../  exp {  £ ,  E  (  V °, (r) +  A V?,. (r ) ) }  d(r) (3-21)
From  equation  3-13 an d  3-15, A c is d irectly  p ropotional to  lnZc
-3N
Ac =  -  K T  In ( Zc ) (3-22)
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A T ay lo r 's  series expansion of lnZc abou t the  reference system  th ro u g h  A will in tu rn  re la te  Ac 
to  the  H elm holtz free energy of the reference system . Therefore,
ln Zc =  ln Z? +  A 8  InZ,
OX
1 2 d 2 lnZ c
+  2  — Q ^ ~ + (3-23)
and  correspondingly,
A c =  A ? +  A
3X A =  c
, 1 \ 2  d  A c
+  2  5A2
+ (3-24)
A —  o
W here A c is the  configurational H elm holtz free energy of th e  reference system . T h is briefly 
explains how the p e rtu rb a tio n  is perform ed through a  p a ram ete r as in equation  3-20.




r <  d
r >  d (3-25)
where d is the  h a rd  sphere d iam eter. T h e  hard  sphere reference has the  ad van tages o f its 
sim plicity  and  close resem blance to  the  real system . M any properties of real fluids are sim ilar 
to  those of hard  sphere fluids (Reiss, 1965). T h e  properties of h a rd  sphere fluids are  now 
accurately  know n bo th  from  theory  (B oublik, 1970) and  from  com pu ter sim ula tions (B arker 
an d  Henderson, 1971). T he m ain  d isadvan tage  of using a  h a rd  sphere reference is th a t  the  
resu lting  calcu lations are very sensitive to  the  value chosen for the  h a rd  sphere d iam eter. Also, 
the  tem p era tu re  dependence of properties is poorly predicted . T h is  can be show n from  the  fact 
th a t  the  derivative  o f the  configurational in teg ra l, Zc , w ith respect to  tem p era tu re  is zero for a
h ard  sphere fluid. A w ay of overcom ing th is  d ifficulty  was first suggested by B arker and  
H enderson (1967 a). By com bining the  techniques of Zwanzig for trea tin g  th e  a ttra c tiv e  
p o ten tia l an d  of Row linson (1964 a ,b ) for dealing w ith th e  softness of the  repulsive p o ten tia l, 
they  defined a  m odified po ten tia l function W ( r, cr, d, A, a)  by th e  re lations :
-  V ( d  +  ^ )  
W ( r, a,  d, A, a  ) =  <! 0
L  AV(r)
r <  or (<r —d) + d  
<t >  r  >  a  (cr — d) + d  
r >  a (3-26)
W here V is the  p o ten tia l of the ac tual fluid, cr is custom arily  taken  to  be th a t  p o in t a t  w hich 
the p o ten tia l V (r) passes th rough zero and  d is an  a rb itra ry  length  p aram ete r to  be specified 
la te r. T here  are  tw o p e rtu rb a tio n  param eters, A and  a ,  in th is  equation . T h e  p a ram e te r a  
varies the  steepness of th e  m odified p o ten tia l in  the  repulsive region. T h e  p a ram e te r A varies 
th e  d ep th  o f the  p o ten tia l in  the a ttra c tiv e  region. T h is m odified po ten tia l is w ritten  so th a t  
w hen A= a — 0, the  p o ten tia l W  becomes th a t  for hard  sphere of d iam eter d. W hen A= a =  1, 
W  becom es the ac tu a l flu id  V (r). W ith  these tw o p e rtu rb a tio n  param eters , a  double  series 
expansion can be perform ed as in equation  3-23. T h e  configurational in teg ra l can be w ritten
as:
ln Zc =  ln Z? +  A 9  lnZ "
d \
d  lnZ ,+  a
x d aA — O + i{a  =  o [
d~ lnZ c 
d \ 2
+  2 Q A . ^ i ^
d X d a +  a"  a  =  A =  o
d 2 ln Z c 
d a 2 a  — o }
(3-27)
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T he corresponding configurational H elm holtz free energy can be w ritten  as :
Ac =  A ?  +  X
d  A ,
dX
, d A c+  a -  ^
X =  o d a
+
2  d X 2
+
A =  <
(3-28)
T he d ifferen tia tions included in equation  3-28 involve lengthy  algebra . T h e  final results 
ob ta ined  by B arker and  H enderson (1967) for single com ponent system  is as follow :
Ac =  A ° +  2 a 7rN K T p d 2g °(d ) |  d -  (  1 -  exp( - / ? V ( r ) ) )  d r |
+  2A7rpN
COO
g° (r) V p (r) r 2 d r +  higher order term s (3-29)
T he value of d is chosen so th a t  the  first order te rm  in a  expansion vanishes. Therefore,
d = (  1 -  exp( —/?V (r))) dr (3-30)
Since 3  =  1 /K T , d is a tem pera tu re-dependen t effective h a rd  sphere d iam eter. B arker and  
H enderson (1967) argued th a t  w ith th is choice of d , the  second order te rm s in aA an d  a 2 are 
considerably sm aller th an  the  A2 te rm . Leonard et al. (1970) had  ex tended  B arker H enderson’s 
theory of a single com ponent fluid to  a liquid m ix tu re  using a  m ix tu re  of h a rd  spheres as the 




=  2 Trp-y  E E  Xj x .  v ? .( r )  g°. r 2 dr
=  „ i j  J J (T
(3-31)
d A ,
d a =  -  2tt/>2V K T  E  E  Xj X. d f j (r) g °  (d„) ( d „ -  6V} )i  i  «
(3-32)
* j
In th e  above equations, the  h a rd  sphere d iam eters are  given by:
54
dj, =  SVl (3-33)
d ij =  \  ( d ii +  djj ) (3-34)
and
r 'j (  1 — exp( —/3 V °j(r))) dr (3-35)
E q u atio n  3-32 becom es zero for single com ponent since d i8- =  6 it-. B u t th e  add itiv e  a ssum ption
of equation  3-34 can no t annu l all the  first order te rm  in a .  However, th is  co n trib u tio n  is
usually  sm all since the  difference betw een d and  6 is very sm all for m ix tu res of m olecules of
s im ila r sizes. B u t th is  te rm  becom es significant for w idely vary ing  sizes. T he second order 
d 2A
t e r m— has  also been eva lua ted  (T iepel, 1971), and  involves m ix tu re  d is trib u tio n  functions
0 A
of order 2, 3, an d  4. T he m ain  d ifficu lty  in the  use of equation  3-31 is th e  ca lcu la tion  of the  
reference m ix tu re  d is trib u tio n  functions, g f j(r) . T iepel and  G ubbin  (1972 a, 1973) assum ed 
th a t  g ° j(r)  =  1 for r >  tr; ■ and  is zero for r <  a {j .  A sim ilar ap p ro x im atio n  is m ade for the  





=  5  £  Xi x .  ' f f i j  ( V f j( r ) ) 2 r 2 d r (3-36)
A =  o
By tak in g  the  derivative  of the  H elm holtz free energy w ith  respect to  N j, as in equation  3-18, 
we can o b ta in  an  expression for chem ical p o ten tia l o f com ponent i as :
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,.hs , _d_ dA i
i +  0 N , dX +
d d A c
\  —  0 3N  ,• d a a  =  o
+ 1 8 d 2 A,
2 0N* d A2 A =  c
(3-37)
w here
d dAc  
3N,- d a Ck —  o
=  -  4 irK T  £  Pj d?- (3-38)
_d_ dAc  
3N,- 5 A A =  o
=  4 tt £  P :
f ° °
a .. Vij( r) r “ dr (3-39)
and
d d 2 A,
0 N,- 3 A2 f t  ?  'j
‘X)
cr. - ( V f j( r ) ) 2 r 2 dr
>3
(3-40)





i  P i  l n  M  <r \  _  p l l S  . 3  , 3  £ 2 d t , 3  £ 2 d  1
ln —p r  - ln ( 1 -  Ss)  +  ^  p cs d i +
i l
( i - h r Z3 2 ( 1  — £ 3 ) 2
_ ( f | i ) 3  _ {3, + (3-41)
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T h e first te rm  on the  rig h t hand  side of equation 3-41 is the  chem ical p o ten tia l o f an ideal gas 
from  s ta tis tica l m echanics. T he rem ain ing  te rm s were ob tained  from  the  equation  of s ta te  for 
h ard  spheres by C arn ah an  and  S tarling  (1969) for pure fluids, and  ex tended  to  m ix tu res by 
B oublik (1970) as:
phs   6KT (  £o I I 3^2 ^3 £2 \  /o
s -  —  (  r q ;  +  r r r r F  +  ~  )  <3-42)
where
i n  =  |  P-} d j1 (3-43)
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3-3-3 Relation Between Apparent Ideal Solution Fugacity And Chemical Potential
T he ap p a ren t ideal so lution fugacity , f ° ' , for com ponent i in a  liquid m ix tu re  of known 
com position  can be derived from  the  chem ical po ten tia l o f com ponent i as follows: For a gas 
com ponent dissolved in a liquid, the  equilib rium  condition is th a t  th e  chem ical po ten tia l of 
so lu te  gas i in the  vapor phase equals th a t  in the  liquid phase.
=  / 4  (3-44)
T h e  chem ical p o ten tia l of a  com ponent in  a  real gas is re la ted  to  its fugacity  f,- th rough  the 
definition
d ( Hi ) =  I \T  d ( In fj ) (3-45)
in teg ra tio n  from  a reference low pressure P *o f an ideal gas to  P , gives:
M  T  , P  ) -  ( T , P* ) =  K T  ln £  (3-46)
r  i
where P , is the  p a rtia l pressure of com ponent i, and  is th e  chem ical p o ten tia l of
com ponent i in an ideal gas. T he chem ical p o ten tia l o f com ponent i in an ideal gas can be 
calcu lated  from  s ta tis tica l m echanics equation  3-12 and  3-18 w ith  no in term olecular 
in te rac tion . Therefore,
ZC =  V N (3-47)
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and  w ith the ideal gas equation  of s ta te  P V = N K T  and  the S tirling ’s A pprox im ation  ln N! =  
N InN — N, we can get
p |d =  -  K T  ln( A: 3  V qjnt ) =  K T  l n - ^  +  K T  ln Pi
i K iq ,
(3-48)
W here ( q-nt ) N =  Q jn t . S u b stitu te  equation  3-48 in to  3-46 gives:
p f  =  K T l n r ^ j ^  +  K T  ln i,
K Tq'd
(3-49)
E quating  equa tions 3-49 and  3-37 a t  equilibrium , gives :
K T  l n— +  K T  ln f  =  p!is  +  J L  %  
K T q ”  i ON,- dX
+  d A c
ON,- d a a  =  o
, 1 _d_  0 -  A e* n2 ON,- d X 2
A — o
(3-50)
.llS ;T h e  expression of pj ' in equation  3-41 is su b s titu ted  in to  equation  3-50 to  get
in £ i   1 0  (  d A c , d A c , X ^  Ar- ^ J_ InK T  -i- —




W here p j1S,r =  p jis — p jd is th e  residual chem ical p o ten tia l for the  hard  sphere reference 
system . W ith  p ^ p x ,- ,  the final resu lt a fter rearrangem ents is :
f,-
hs,r
in   in fo!   1 0  (  d A c . dAc  . 1 0 Ac  \  , Pi  , ln T/’rr „
X,. -  ln  f i -  K T  ON, { d x  +  d a  +  2 OX2 )  K T  +  lnKT/? (3-52)
T he significance of th is equation  is th a t  the  q u a n tity , ln f ^ ,  needed to  solve 
m ulticom ponen t phase equilibrium  problem s can be calcu la ted  d irectly  by th e  righ t h and  side 
of equation  (3-52), which m easures the  in te rac tion  am ong  the  gas so lu te  and  all the  o ther 
species in the  solu tion . T he conventional reference s ta te  11° for th e  solu te gas a t  in fin ite  
d ilu tion  condition  is no longer needed a lthough  it still can be eva lua ted  easily by allow ing x f 
to  approach  zero as :
H t, m =  ]c»jn, ir  (3-53)
It should  be noted th a t  since { f  is ac tually  a  function  o f th e  liquid  com position  as well as T  
and  P  of the  system , any  solution procedure for finding th e  am o u n t of gases dissolved in a  
liquid would obviously be ite ra tive , converging to  a  final value, for liquid and  vapor 
com positions th a t satisfies all the  com ponent fugacity  equa tions sim ultaneously .
3-3-4 Expression of Apparent Ideal Solution Fugacity for Geopressured System
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T he exact solution for the  value of ap p a ren t ideal so lu tion  fugacity  depends on the 
in term olecu lar po ten tia ls . For our specific case of C H 4, C 0 2, an d  C 2H 6 non-po lar solutes 
dissolved in an electro ly te  so lu tion , the in term olecu lar po ten tia ls  involved in  th e  system  are 
listed  in T ab le  3-2. T h e  non-polar p a r t  of each p o ten tia l (including th e  sa lt ions) is 
ap p ro x im ated  by the  L ennard-Jones po ten tia l, and  the  angle-averaged expression is used for 
the  dipole-induced dipole in te rac tio n  betw een w ater m olecules an d  the  solutes. T h e  inclusion 
o f C harge-D ipole and  D ipole-D ipole in te rac tions will be discussed in section 4-5-3. For solute 
C 0 2, th e  d ipo le-quadrupole  in te rac tio n  betw een w ater an d  C 0 2 m olecules is also considered. 
In T ab le  3-2:
jj-y is the  dipole m om en t of w ater 
a,- is the  po larizab ility  
Q j is the  quad rupo le  m om ent 
q ; is the charge
T he subscrip ts are as defined in T ab le  3-1. As usual, th e  geom etrical m ix ing  ru le  is used for 
th e  energy p a ram ete r in L ennard-Jones po ten tia l
1
=  ( <,•< £jj ) 2  (3-54)
an d  th e  a rith m e tic  m ean  is used for th e  d istance  pa ram ete r
<r. +  Ojj ) (3-55)
A fter su b s titu tin g  these p o ten tia ls  in to  equation  3-52 and  perform ing  the  in teg ra tio n s, we 
o b ta in  the  follow ing final expression for ap p a ren t ideal solu tion  fugacity  of com ponen t i. T h is
T ab le  3-2 In term olecu lar po ten tia l energy used in th is s tu d y
v„  = 4c„ ( y  -  ( ^ ) « )  -
V33 =  4c33 ( ) " -  -  ( ^ F ) 6 )  -  7- 0
V „  =  4 c *  (  ( 2 i l  ) ”  -  ( ^
v«» = (  c-p ) ,! -  ( '-py)  -  ^
V33 =  4 . , ,  (  (“¥  ) 12 -  (  ^ P ) 6 )  '
v , , „  =  4 ,1U1 ( ( ^ r  y  -  ( ^ ) 6 )
V31 =  4 ' , i  ( ( ¥ ) , !  ~  ( ^ ) 6 )  -  ^
V34 =  4(3< ( ( 2 p  )■■ -  ( °-py)  -
v 3, =  4£3! ( ( ¥ ) ,! -  ( ^ y )  -
V, « =  4f38 (  p  ) ' 2 -  (  ' + Y  )  -
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can be ev a lu a ted  for a  given liquid m ix tu re , T , P , and  solution density  for each com ponent by 
a  ra th e r leng thy  com puter subrou tine.
ln f? ' =
hs,r
1 dp-.
K T  ^  K T  dX +X —  o K T  d a a  =  o





K T  dX X — O
-11.17 3
K T  ^  pi d ' j
4.188 P i f l i a i 2.5133 PiPQi




2K T  d X 2
£u=  ( X . ^  4  ~  0.4274
+  0.7244 P,-/?2Q f^•17 
a i 1
, p i p  Q i Pi , P iP i  a i
"+■ _ _ i  -a T
52 a }*
, 2Ap1ei l 0 p ‘i Qi  
187a?,
16 tg P iP ~i a i , P i P i f iQ lo t j  \  
45 afx + llo-“  ) (3-58)
and
K T  dot a - 0 ~  4n  ^  P'i d ^ '  ̂ d 'J ^
(3-59)
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3-4 Development of The Partial Molar Volume of A Gas Solute
T h e p a rtia l m olar volum e o f so lu te i can be o b ta ined  by  d ifferen tia ting  the  chem ical 
p o ten tia l of i w ith  respect to  pressure, holding tem p era tu re  and  com position  co n stan t.
V:
<Vj
dV T  , x
(3-60)
T he re la tion  betw een chem ical po ten tia l and  pressure P  is no t explicit; therefore, th e  chain 
rule is used to  re la te  the  d ifferen tia tion  to  volum e. T hen , volum e is re la ted  to  th e  pa ram ete r £ 
th ro u g h  its definition
(3-61)
dfi\ dfi  j av d t n av















In order to evaluate in equation 3-62, we need an expression for pressure. This is done
th rough equation  3-17 using the sam e ap p ro x im atio n  as earlier. T h e  resu lt is
_  pllS _  167T ' p  ^  o o e cr3 — —  o o '  V
— 9 ^  ^  Pi «'J ! J 3  ^ 1  ^ 1  ^ 3
2 T Z P i  Q ? (
i * ’ V 10 asa 5 ( 7 / (3-67)
<9PT he . te rm  can be evaluated  as follow 
o \ r
j9P_ _  8 P h s  , c>PP
av -  av + av
the  first te rm  on the righ t hand  side results from  the  pressure equation  for h a rd  sphere and  the 
second te rm  is th e  p e rtu rb a tio n  resu lt. S u b stitu tin g  equation  3-42 in to  3-68 and  using the  
resu lt o f 3-63 th rough  3-66, we can o b ta in
a P hs _  6KT /  _  _ J q _________________________ 9
I n - ^ V -  ( i - f 3 )3
-3  ,-3 c2
dw *v v (i-<e3)2 (i-?3)3 a-<e3)4
+  4  ** )  (3-69)
and
a P P     327T V' « n c /r-3   877 n -2
rl iav _  9v £  £  P i  P i  e,j < T i j  3V Pl P l  ?  <7?1 J J l j
^  )V I V 1 0  <7^ 5  ( j/!  ) (3-70)
The isothermal compressibility is defined as
6 5
i av _






T o evaluate  • v j y  hi eqution  3-62, again , we sep ara te  it  in to  tw o p a rts  as in  equa tion  3-72 :
df i  j
av +
T  , x
9 Hi d£n  
a ^ n d V T  , x
(3-72)
where
a*n av i +  +  — 2- d ;o +  3 ^  dfT  , x l - £ a  ( 1  - ^ 3 ) 2 ( l - e 3 ) 5
d 3 R o  (1  - 4 3)~ +  +  9*2 ~  4 * 3 $  +  * 1 * 2




a « n a v
i a ^ i  , j  d h  _ i  a -  n
K T  <9a ^  K T  5A ^  2K T  d \ 2
2 /*!
T  , x
(3-74)
T he rig h t hand  side te rm s of equation  3-74 have been ob ta ined  as in equa tion  3-57 th ro u g h  3- 





(  a/K1S,r a^n
\  a$n av ^ a^n av ; (3-75)
3-5 Development of Isothermal Compressibility of Partial Molar Volume
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T h e iso therm al com pressib ility  of p a rtia l m olar volum e /?,■ is defined as: 
i d  V
= - J r - w -  (3-7C)'  i
Follow ing the  sam e principles used in developing the p a r tia l m olar volum e, we have developed 
the  expression for /?,•. T h e  procedure is ra th e r  tedious, we only presen t th e  final resu lt here:
IB (  d V\  V i 













m _  - £ 3 _  3 ^ (1  +  £3 ) , _  18^1 +  3gt -Hrtl  ,2
( l - ^ 3 ) 2 ( 1 - ^ a ) 3 ( l - ^ 3 ) 4
d f
( i  - s 3f
^ £ 0  ~ S o £ 3 — £ o S 3  +  £ 0 ^ 3  ~  6 ^ 1 ^ 2 ^ 3  — +  2 4 ^
9/t j  a ^ n (3-78)
$  = - 5  J — £ 0  +  ̂ 0^3 + ^ 0 ^ 3  ~  £ o £ | + 6 ^ i^ 2 ^ 3
*•(1 - £ 3)~
-  1 2 e1ea -  27£| + 7t#a -5 ^ |e I  + £2 ^ 3 (3-79)
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3-6 Gas Solubility at, High Pressure
T he equations developed in section 3-4 are very general in th e  sense th a t  they  can be 
used to  evaluate  ap p a ren t ideal solution fugacity  of a  gas com ponen t a t  any pressure should 
th e  solution  density  d a ta  be availab le  a t  th a t  pressure. B u t for our high pressure system , all 
reported  experim ental density  and  correlations for brine so lu tions were ob ta ined  only a t  ra th e r 
low pressures.
In order to  u tilize the low pressure density  d a ta , the  ap p a re n t ideal solu tion  fugacity  
m ust first be calcu lated  at a low pressure, then  converted to  the  desired high pressure. T he 
effect of pressure on apparen t ideal solution fugacity  can be o b ta ined  th ro u g h  its  definition:
^  '  (3-80)
therefore, the  pressure effect on f ^  can be sought by the pressure effect on the  fugacity  by the  
exact equation :
a 44
Vi « ( f"’)
—— --------*----- 1 (3-81)OP ~  R T  ~  <9P
where V , is th e  p a rtia l m olar volum e of solute i in the  liquid  phase. In teg ra tin g  equation  3-81 
from  a reference pressure P r to  the system  pressure, P , gives,
ln =  In i f  +
P V
d P  (3-82)
\  / P  \  / p r Pr
For sparing ly  soluble gases, it is convenient to  set the reference pressure as the  sa tu ra tio n
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? !  p i
^  d P  (3-83)
w here ln I i f  ) can be calcu lated  from  equation  3-52 using the  density  d a ta  a t  tem p era tu re  
V /  P i
T  and  pressure P i .  B u t in order to  evaluate  th e  in teg ra tion  term , we have to  estab lish  som e
kind of re la tionsh ip  between V* and  P . If  a  co n stan t Vj over the en tire  pressure range is 
assum ed, th is  lead to  the  K richevsk-K asarnovsky type of equation
V ,■ ( r - n)P  - ’ ° i  — i„ I r®1 . . _ _
p RT
1” - T f T ^  =  111 I f r  | +  — S ? T ---- “ (3-84)
An im p ro v m en t of equation  3-84 is based on a  proposal by N am io t (1960) who suggested th a t 
a linear re la tionsh ip  of V, w ith P  would be m ore accurate.
V f  =  v f i  (  1 -  Pi  ( P  -  P f  ) )  (3-85)
W here /?f is the  coefficient of iso therm al com pressib ility  of the  p a r tia l m olar volum e. 
E xpressions for both  V,- and  /?,• were developed th rough  p e rtu rb a tio n  theo ry  in equation  3-75 
and  3-77. N am io t’s im provem ent was em ployed by Coco and  Johnson  in the ir s tu d y  of 
m e th an e  solubility . Choi (1982) also adop ted  th is  idea and  developed an  an a ly tica l expression 
upon su b stitu tin g  equation  3-85 in to  the  in tegra tion  term . O ur final w orking equation  for 
so lu te  i is :
T his pressure correction was applied  in th is  research, using equations 3-75 and  3-77 to  generate 
the required values for V j and  /?; .
3-7 D issociation o f weak electrolyte
In the  expressions for ap p a ren t ideal solution  fugacity  (3-56), and  the  p a rtia l m olar 
volum e (3-75), we need to  know th e  m olecular concen tration  of each possible species in the 
system . T h is includes the  ionic concen tration  of H C O 3 and  H"*" which resu lt from  the  reaction 
betw een C 0 2 and  I I20 .  O ur derivation  so far has been assum ing th a t  th is  reaction  is no t 
im p o rta n t, i.e., all C 0 2 exists in its  m olecular form . How do we evaluate  th is  assum ption  ? 
In an o th er w ords, how do we re la te  the  m olecular concen tra tion  o f C 0 2 to  its bulk 
concen tration  which is usually reported  by sa tan d a rd  q u a n tita tiv e  analysis techniques. T his 
can be done as proposed by E dw ard  et al. (1975, 1978) th rough  four principles. T h e  first one 
is the  overall m ass balance in the liquid phase:
m A =  m a  +  \  ( m_|_ +  rn _  ) (3-87)
where is the  bulk m olar concen tration  of weak electro lyte C 0 2; m a  is the  concen tration  of 
undissociated  weak electrolyte, and  m_̂ _ and  m _  are the  concen tra tion  o f cation  and  anion, 
respectively.
T he second princip le is a charge balance in the liquid phase:
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m_j_ =  m _  (3-88)
T he th ird  princip le is the  chem ical equilib rium  betw een the undissociated  and  dissociated  form s 
of weak electro lyte.
a i a _
K (3-89)
where Iv is the  d issociation equ ilib rium  co nstan t and  a_j_, a _ ,  and  a a  are  the  ac tiv ities of 
ca tion , an ion , and  h y dra ted  m olecular form  of the  weak electrolyte. T h e  fou rth  principle is the 
equilib rium  betw een vapor and  liquid phase.
/*a =  / 'a  (3-90)
For a  1:1 type o f e lectro ly te, equa tion  3-89 can be w ritten  as
m ,  m _  7 ,
K =  ma 7a (3' 91)
where 7 ^  is the  m ean ionic ac tiv ity  coefficient defined by
7 ±  =  ( 7 +  7 — ) l / 2  (3-92)
A ctiv ity  coefficients are norm alized in the  m anner custom ary  for d ilu te  solu tion
>  1
as m. - >  0 (3-93)
7a -> 1
where i s tan d s  for all so lute species. T o  use equation  3-91 to  re la te  ac tiv ity  coefficients to  
concen tra tion , we need a correla tion  for th e  equilib rium  co n stan t. E dw ards, e t al. (1975) 
developed the  following re la tionsh ip  by using V an ’t Hoff equation  an d  a  second order T ay lo r 
expansion for hea t of reaction  in te rm s of tem pera tu re:
ln K =  C j +  C 2/ T  +  C 3 ln T  +  C 4 T  (3-94)
where C j -- C 4 are  p aram eters  w hich m u st be determ ined  from  experim en ta l d a ta . F rom  
equations 3-87, 3-88 and 3-91 we can get :
2  itia
m „ =  .................................................. -A (3-95)
K - i f - J  +  2 m A +
+  4m A i K t ,
T his equation  allow s us to  eva lua te  the  am o u n t of m olecular form  of C 0 2, which exists in the  
so lu tion , know ing its  bulk concen tra tion  m ^ .
Chapter 4
M ethod o f Solution
W ith  the  developm ent of a  m eans to  ca lcu late  the  ap p a ren t ideal so lu tion  fugacity  of 
a  so lute gas in ch ap te r 3, we are ready  to  solve the  phase equ ilib rium  problem . E quations 3-8 
and  3-86 are th e  tw o basic re la tionsh ips to  work w ith  for solvent w ater and  so lu te gas 
com ponen t i, respectively. (Since th e  non-volatile  sa lts  can be considered absen t from  the 
vapor phase, no phase equilib rium  equation  is needed for them . )
^ 1  >'l P =  x i 01 P 1 exP
p  V f
ppji d P  (3-8)
to ^  = to (V ) + ( F -  r? ) -  &  ?* (3-86)
P i1
Tw o ad d itio n a l equations are needed for the  com plete descrip tion  of the  system . T hey  are :
£  Y,- =  1 (4-1)
E  X,. =  1 (4-2)
In th e  case of m eth an e  dissolved in pure w ater, according to  G ib b ’s phase rule
F  =  C - P  +  2 (4-3)
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w here F s tan d s for the  degrees of freedom , C for th e  num ber of com ponents and  P  for the 
num ber of phases, giving tw o degrees of freedom . Therefore, by specifying the  system  
tem p era tu re  T  and  pressure P , a  b inary  system  is fixed a t  a  unique set o f vapor and  liquid 
com positions which can be solved for from  the  above equations. In th e  case of m ethane  and  
e thane  bo th  dissolved in brine so lu tion , we have C = 4 , P = 2 , and  hence four degrees of freedom . 
Besides specifying T  and  P , tw o m ore relationsh ips m ust be s ta ted  to  fix the  system . T he 
dissolved gas ra tio  ^ R  =  X C^H /  ^ and  the  m ola lity  of the  sa lt m  in the  gas-free liquid
were chosen in our s tu d y . In equation  3-86, the  ap p aren t ideal so lu tion  fugacity  of com ponent 
i, f ^ ,  can be calcu lated  from  equation  3-56, given the  solution density  (m o lecu le /cm 3) a t 
system  tem p era tu re  T  and  pressure P . T he p a rtia l m olar volum e V t- and  its  slope w ith 
pressure 3 i can be found from  equation  3-75, and  3-77 respectively. W e shall now take a  close 
look a t  how those te rm s involved in equations 3-8, and  3-86 are eva lua ted  in th is  research.
Section 4-1 deals w ith  the  SRK  equation  of s ta te  used in  the  vapor phase fugacity  
ca lcu lation . Section 4-2 describes the  liquid phase calculations, which include a  density  
co rrelation  of the  brine so lu tion , sa tu ra tio n  pressure an d  P oyn ting  correction . In section 4-3, 
we look a t the  physical p aram eters  used in th is s tu d y  and  the  com pu ter a lgo rithm  used for 
solving the  vapor-liqu id  equ ilib rium  equations sim ultaneously . Som e calcu lation  results are 
also presen ted  from  which we conclude the  need for som e p aram eter ad ju s tm en ts  to  fit the 
so lubility  d a ta  b e tte r. Section 4-4 com pletes th is ch ap ter w ith  th e  resu lts  of the p aram eter 
fittin g  procedure.
4-1 Vapor Phase
T he fugacity  of any volatile  com ponent i in  the  vapor phase can be expressed by 
equation  3-2 :
f f  =  <}>. y<  P  (3-2)
w ith  pressure a lready  specified for the  system , we need to  know the  mole fraction  and
fugacity  coefficient ^  to  calculate f f .  However, as we shall see in equation  4-14, <j>( is a 
nonlinear function  of the  vapor phase com position y,-. An ite ra tio n  procedure has to  be used 
w ith  su itab le  equation  of s ta te  to  solve for y f and  hence calculate <f>i .
T he Soave-Redlich-Ivw ong (SRK ) equation  of s ta te  (Soave, 1972) has proved to  be a 
very versatile  tool for m ost hydrocarbon  applications, and  is rap id ly  gaining acceptance by the 
hydrocarbon  processing in dustry . A lthough th is  equation  of s ta te  is no t very su itab le  for polar 
m olecules, we believe th a t  at the  relatively  low w ater concen trations in the  vapor phase of our 
s tu d y , it still should provide acceptab le  results. T o  check th is belief, a  com parison of SRK 
w ith  a newly developed equation  of s ta te  from  N ak am u ra  and  P rau sn itz  (1976) for the gas 
m ix tu res of our system  was m ade, which showed no accuracy ad v an tag e  for the  la tte r , even 
though  it was especially developed for b o th  po lar and  non-polar system s. N ak am u ra ’s equation  
was reported  to  be valid  up to  400 a tm , which is too  low for our system  of high pressure u p  to  
2000 a tm . Besides, the  com pu ter tim e spen t does favor the  use of SRK . N ak am u ra ’s 
equation  is presented  in append ix  A w ith its calcu lated  results com pared to  those of SRK . The 
SRK  equation  of s ta te  and  the associated  m ixing rule used in th is  research are reviewed here :
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P =  . R T  ,  fl(T )
(v  - b  J V (v  + b)
w here b =  0.0866R T c /  P c and  A depends on tem p era tu re  according to  :
ft(T ) =  A (Tc ) a ( T )  (4-5 a)
ffl(Tc ) =  0.42747 R 2 Tc /  P c (4-5 b)
and
a ( T )  =  ^  i +  (o.480 +  1.574 u> -  0.176 w2 )  (  1 - (  ^  ) 1 / 2  )
z3
(4-6)
w here w is th e  acen tric  factor. By defining the following :
V =  z R T /P  (4-7)
A =  A (T ) P /  R 2 T 2 (4-8)
B =  b P /R T  (4-9)
T he com pressib ility  fac to r z can be ob ta ined  by solving the  cubic equa tion  :
-  z2 -  z (A  - B  - B 2 )  -AB = 0  (4-10)
For m ix tu res :
A = E E  y.- y,- 
» j





* j (1 -  K {j ) f t4 Hj (4-13)
Now, the  fugacity  coefficient of a  com ponent in a  m ix tu re  can be com puted  by (4-14) 
according to  Seader (1982) :
4>i =  ex p ( (z-1) Bj /  B — ln(z-B ) -  A /B  (2 A -/ 2  /  A ^ 2- B 4/B )  G )  (4-14 a)
where
G =  In ( l +  B /z  )  (4-14 b)
77
4-2 Liquid Phase
T he ac tiv ity  coefficient o f w ater, 7 X, in equation  3-8 was assum ed to  be 1. W e m ade 
th is  assum ption  because in m ost o f our system  conditions, the  m ole frac tion  o f w ater in  the 
liquid phase was well above 98%, an d  since very little  w ater is presen t in th e  equ ilib rium  vapor 
phase anyw ay, there  seem ed no reason to  try  to  im prove on th is  assum ption .
4-2-1 Solution D ensity
T he density  of a N aCl sa lt so lution  (g /c m 3) can be represented as:
p =  p* +  A p  (4-15)
where p* is the  density  of pure w ater a t  T  and  A p is the  density  difference due to  the 
presence of sa lt at tem p era tu re  T . T here  are several co rrelations availab le  for the  density  of 
pure w ater. Here we com pare three of them  :
Y aw ’s correlation  : (1972)
p* =  0.3471 x 0.274 * 1 T//T<^  '  (4-16)
K eenan’s co rrela tion  : (1969)
____________1+0.134289X  (T c - T ) l / 3 -3 .9 4 6 2 6 3  x lO ' 3  (T c -  T )
P* =
^3.1975 —0.3151548(TC—T ) l /3  —1.203374 x10~3 (T c —T ) + 7 .48908  x10 ’ 1 3 (T c —T ) 4^
(4-17)
Chen’s correlation : (1978) (valid from 273 to 328 K )
p* =  0.9998395 +  6.7914 x 1 0 '5T  -9 .0 8 9 4  x 10' 6 T 2 + 1 .0171 x 10" 7 T 3
-  1.2846 x 10" 9 T 4 +  1.1592 x 10' 11 T 5 -  5.0125 x 10' 14 T 6  (4-18)
T ab le  4-1 com pares these correlation  w ith steam  tab les and  shows th a t  K eenan’s correlation  is 
th e  m ost accu ra te  one.
T h e  following correlation  for A p  as a  function  of tem p era tu re  an d  m o la lity  was m ade 
availab le  by Lo S urdo and  M illero (1982) from  273.15 Iv to  323.15 K an d  from  m = 0.1  
m oles/K g-H oO  to  sa tu ra tio n :
A p  =  ( 4 5 . 5 6 5 5  m -  0 . 2 3 4 1  m T  +  3 . 4 1 2 8 x l 0 " 3  m T 2  - 2 . 7 0 3 x l 0 ' 5  m T 3  +  1 . 4 0 3 7  
x l O " 7  m T 4  -  1 . 8 5 2 7  m 3 / 2  +  5 . 3 9 5 6  x l O ' 2  m 3 / 2 T -  6 . 2 6 3 5  x l O " 4  m 3 / 2 T 2  -  
1 . 6 3 6 8  m 2  -  9 . 5 6 5 3  x l O * 4  n r T  +  5 . 2 8 2 9  x l O " 5  m 2 T 2 + 0 . 2 2 7 4  m 5 / 2 )  x l O ' 3
(4-19)
U nfo rtu n a te ly , th is  co rrelation  is valid  only a t  low tem pera tu res (from  273 to  323 K) and  does 
no t cover m uch of the  tem p era tu re  range of our system . W e first th o u g h t th a t  perhaps the 
increased a m o u n t of density  due to  the  presence of sa lt is no t a  function  o f tem p era tu re  or a t  
m ost is a  linear varia tio n  w ith tem p era tu re . Therefore, we used a  linear ex trap o la tio n  o f Lo 
Surdo  an d  M illero’s co rrelation  to  a  higher tem p era tu re . T h is tu rn ed  ou t to  be a  serious 
m istake , as the  increased density  due  to  the present o f sa lt is in fac t a  s tro n g  nonlinear 
function  o f tem p era tu re . As show n in F igure 4-1, it goes th rough  a  m in im u m  a t  a round  340 
to  380 K (R ogers and  P itzer, 1982). Therefore, when the  linear ex trap o la tio n  w as used, the  a
T ab le  4-1 C om parison  of various correlations of liquid w ater density  
w ith steam  tab les.
T ( K ) M illero Yaw K eenan S team  T ab le
273.15 0.999839 0.999761 0.99980
293.15 0.998204 0.997927 0.99820
313.15 0.992216 0.992090 0.992160
328.15 0.985693 0.985661 0.985710
348.15 0.966709 0.974848 0.974850
368.15 0.947256 0.961864 0.961910
388.15 0.927203 0.946984 0.947150
408.15 0.906474 0.930365 0.930490
428.15 0.884973 0.912062 0.912240
458.15 0.851010 0.881386 0.881520
478.15 0.826994 0.858608 0.858810
498.15 0.801624 0.833701 0.833890
513.15 0.781527 * 0.813405 0.813600
533.15 0.752970 0.783764 0.784010
558.15 0.713552 0.741401 0.741670
573.15 0.687168 0.712158 0.712450
598.15 0.636069 0.653646 0.654020
628.15 0.549480 0.549694 0.553400
638.15 0.502150 0.491077 0.495050
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Figure 4-1 Comparison of A p o f our correlation (equation 4-20) with experimental 
data o f Rogers and Pitzer
param ete rs  of m ethane and  ions th a t  were required to  fit the  solubility  d a ta  for the salt 
so lu tion  increased w ith  tem p era tu re , which is no t reasonable. In order to  extend th is
correlation  m ore accura tely  to  higher tem pera tu res , we used the  experim ental density  d a ta  of 
Rogers and  P itzers (1982) for N aC l-w ater system  and  fitted  these d a ta  w ith  the  sam e form ula 
as proposed by Lo Surdo and  M illero using a G R G 2 search m ethod . T he resu lting  form ula is 
as follows.
A p =  (40.2204 m -  0.013548 m T  +  1.25326 x lO ' 3  m T 2 -0 .8 6 9 9 2 9  x lO ' 5  m T 3 +
0.352779 x lO ' 7 m T 4 -  2.33803 m 3 / 2  +  0.24002 x lO ' 2  m 3 / 2 T -  1.8341 x lO ' 4  m 3 / 2  
T 2 -0 .5 7 0 9 2 6  n r  +  1.04261 xlO ' 4  n r T  +  1.13663 x l0 " 5 m 2T 2 +  6 .06576m 5 /2 ) x l 0 '3
(4-20)
w ith  RM SD =  0.00488 and  AD =  —0.794x 10" 4 ( RM SD  and  AD are  defined in  equations 
4-32 and  4-31 ). T ab le  4-2 com pares the  p red iction  w ith  the  experim enta l d a ta  of Rogers and 
P itzer.
W ith  the  gas-free solution  density  correlated  from  the  above equations, the  solution  
density  w ith the  dissolved gases was then  corrected according to  th e  relation:
Pgas-free solution
^solution =  1 v------------------  (4-21)i (solute gas)
T his equation  assum es th a t  the  volum e o f th e  solution  will no t be changed upon adding  solute 
gas to  it. I t  presents no problem  to  our system  since th e  solubilities o f gases under 
consideration  are very low. For high soluable gases, th e  so lu tion  volum e can be ad justed  from  
th e  p a rtia l m olar volum e of the dissolved gas. O ur cu rren t m odel does no t include th is 
ad ju s tm en t.
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T able 4-2 C om parison  of A  p p red icted  by equa tion  (4-21) w ith  Rogers and  
P itze r 's  experim en tal density  d a ta  for N aC l-H 20  solu tion
M olality T  =  348 Iv T  = 373 K T  = 423 K
of N aCl exp. calc. exp. calc. exp. calc.
0.0520 0 . 0 0 2 1 0  0 . 0 0 2 1 0  0 . 0 0 2 1 0 0 . 0 0 2 1 2 0.00230 0.00227
0.2719 0.01061 0.01056 0.01065 0.01063 0.01126 0.01134
0.5571 0.02123 0.02127 0.02138 0.02138 0.02261 0.02273
1.0360 0.03867 0.03866 0.03891 0.03882 0.04100 0.04106
3.0610 0.10630 0.10624 0.10670 0.10638 0 . 1 1 1 2 0 0.11107
3.2428 0.11192 0.11192 0.11226 0.11205 0.11652 0.11688
4.3933 0.14618 0.14660 0.14664 0.14660 0.15192 0.15212
M olality T  =  448 K T  = 473 K
of NaCl exp. calc. exp. calc.
0.0520 0.00240 0.00239 0.00260 0.00257
0.2719 0.01186 0.01191 0.01254 0.01272
0.5571 0.02368 0.02379 0.02514 0.02531
1.0360 0.04284 0.04282 0.04532 0.04538
3.0610 0.11468 0.11510 0.12050 0.12018
3.2428 0.12040 0.12059 0.12571 0.12628
4.3933 0.16321 0.16292
4-2-2 Saturation Vapor Pressure
T here  are m any  correla tions availab le  for the  sa tu ra tio n  vapor pressure o f w ater. 
T he A nto ine equation  is w idely used a t  tem p era tu res  betw een 273 to  443 K, b u t it  fails to  
produce accu ra te  resu lts a t  higher tem p era tu res . W e chose to  use th e  co rrelation  by K eenan 
and  Keyes (1969). T h is  co rrelation  is extrem ely  accu ra te  an d  in troduces little  error:
£J5
Pc
exp ( r x  10' 5  (T c -T ) £  F,- (0.65 - 0 .0 1  T ) !' _1 ) (4-22)
where
P s =  sa tu ra tio n  vapor pressure (B A R )
P c =  critical pressure (220.88 BARS)
T  =  sa tu ra tio n  tem p era tu re  (C  )
T c =  critical tem p era tu re  ( C )
T  =  1000/ (T + 2 7 3 .)
F , =  p a ram ete rs
F j =  -741.9242 F 2 =  -29.7210 F 3 =  -11.55286 -0.8685635
F 5 =  0.1094098 F 6 =  0.439993 F 7 =  0.2520658 F s =  0.05218684
4-2-3 P o y n tin g  F ac to r
T h e  P o y n tin g  correction is an  exact therm odynam ic  re la tionsh ip  th a t  accounts for the  
effect on the fugacity  of pure  w ate r of ra ising  the  pressure on the  pure  liquid w ater to  a  
pressure P  g rea ter th an  its sa tu ra tio n  vapor pressure P | .
8 4
f V c
=  exp ^  dP (4-23)
P i
T he P o y n ting  factor behaves essentially  exponentia lly  w ith  pressure. I t  is sm all a t  low pressure 
b u t m ay becom e large a t  extrem ely  high pressure. Since our system  pressure is very high, the 
usual sim ple incom pressible assum ption  m ade for VJ m ay no t be valid , and  we need a  re la tion  
betw een the  liquid m olar volum e an d  pressure over th e  en tire  pressure range. F or th is  purpose, 
we used the  global correlation  proposed by C heuch and  P rau sn itz  (1969) :
/  9 Zc N (  P  — P vp )  \
P =  p A  1 +  ----------- ^ ^  j  (4-24)
where Zc is the  critical com pressib ility  factor. N is a  function  of th e  acen tric  fac to r w and  the 
reduced tem p era tu re .
N = (1 .0  -  0.89 w) (  exp (6.9547 - 76.2853 T r +  191.306 Tj? -  203.5472 T ? +
82.7631Tf ) )  (4-25)
T he sa tu ra tio n  liquid density , p s, can be ob ta ined  from  K eenan’s correla tion  for w ater density  
in our system .
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4-3 Physical Parameters
In evaluating  the  ap p a ren t ideal so lu tion  fugacity , as in  equation  3-56, we need 
num erical values for those physical p aram eters  involved in the  po ten tia l energy. Those are  the 
d istance  (cr) and  energy (e) p aram eters  in the  L ennard-Jones po ten tia l, th e  po larizab ility  (a ) , 
th e  d ipole m om en t (//) and  the quadrapo le  m om en t (Q ). I t  has been estab lished  (Tiepel, 
1973; Schulze, 1981) th a t  the  d istance  parem eter, <x, has th e  biggest effect by far on the 
m eth an e  gas solub ility . W e also confirm ed th is  from  a  sensitiv ity  study  w ith  our m odel th a t 
va ria tio n s o f e and a  w ith in  th e ir reported  ranges have little  effect on the  predicted  m ethane 
so lub ility . T ab le  4-3 shows the  resu lts of the  sensitiv ity  studies. In th is  table, the  first row 
served as a  base to be com pared  w ith . In each consecutive row, we changed the  value of only 
one physical pa ram ete r from  the base value a t  a  tim e. T he predicted  m eth an e  solubilities in 
pure  w ater were then  com pared w ith  the  first row value and  the  resu lts were listed in the  last 
row . F rom  th is  com parison, we can see th a t  th e  change o f the  p red icted  m ethane so lubility  per 
u n it change of the  stud ied  physical p aram ete r (A X /A )  is qu ite  d ifferent. For the  po larizab ility
( a ) ,  i t  has no obvious influence on the  predicted  m ethane so lub ility  w hen we sw itched from  
one repo rted  value to  ano ther. For th e  energy pa ram ete r (e), its effect is also very sm all. B ut 
for the  d istance pa ram ete r (cr), a sligh t change in e ither or <7'c H 4resu*te<  ̂ *n su b stan tia l
change in the  pred icted  m ethane so lubility . Therefore, we decided to  find th e  best value for 
th e  cr p a ram ete r of each com ponent and  chose to  use one of the  reported  values for th e  o ther 
p a ram ete rs  from  lite ra tu re . T ab le  4-4 lists the  values we found in  the  lite ra tu re . T he * 
ind icates th e  value used in th is  s tudy .
Table 4-3 Sensitivity study to show the effect of various physical parameters
on predicted methane solubilities and partial molar volumes
x c h 4 V C II4 f n / k *1 1 « 3 sA *33 « n a 33
0.00180 36.64 96.3 2.725 148.6 3.877 1.59 2.60
0.00160 36.45 85.3 2.725 148.6 3.877 1.59 2.60
0.00164 36.54 96.3 2.735 148.6 3.877 1.59 2.60
0.00156 36.91 96.3 2.725 137.0 3.877 1.59 2.60
0.00178 36.71 96.3 2.725 148.6 3.880 1.59 2.60
0.00180 36.64 96.3 2.725 148.6 3.877 1.69 2.60
0.00180 36.64 96.3 2.725 148.6 3.877 1.59 2.70
A X
A
0.0000182 0.016 0.0000207 0.00667 0 0
en  is th e  energy p a ram e te r for w ater in L-J po ten tia l 
e3 3  is the  energy p a ram e te r for m eth an e  in L-J p o ten tia l 
& 1 1  is th e  d istance p a ram ete r for w ater in L-J p o ten tia l 
cr3 3  is th e  d istance p a ram ete r for m eth an e  in L-J po ten tia l 
a n  is the  po larizab ility  for w ater
Table 4-4 Numerical values for physical paremeters as reported in the literature
(A) (K) 1 0 ~2 4 cm 3 e.s.u. cm e.s .u .cm 2
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* indicates the  values chosen for use in th is  study
T h e  values of cr used in th is  s tu d y  are  discussed in section 4-6 
T h e  above values are  found from  the  following references
1. T iepel and  G ubbins, C IC hE , 361 (1972)
2. T iepel and  G ubbins, I& EC, F u n d .,12 ,18 (1973)
3. T iepel and  G ubbins, J . P hy . C hem ., 76, 21, 3044 (1972)
4. Shoor and  G ubbins, J . P hy . C hem ., 73,3, 498 (1969)
5. M asterton  and  Lee , J . phy. C liem ., 74, 8 , 1776 (1970)
6 . Reid, P rau sn itz  and  Sherw ood, T h e  properties o f gasesand liquids (1972)
7. M oore, Physical C hem istry  (1972 )
8 . O rcu tt, J .  P hy . C h em .,39,3, 605 (1963)
4-4 Computer Algorithm
As shown in T ab le  3-1, th e  com puter code was developed no t w ith  only ou r specific 
system  com ponents in m ind  b u t also w ith  a  bu ilt-in  flexibility  for hand ling  o th e r gas 
com ponents, salts, and  solvents in the  fu tu re . T h e  p rog ram  can be d ivided in to  tw o parts . 
T h e  m ain  p rogram , w hich does no t change for d ifferent system  conditions an d  a  user-supplied 
sub rou tine , w hich depends on th e  system  conditions. T he user sub rou tine  provides 
in fo rm ation  ab o u t the system  conditions of tem p era tu re , pressure, and  sa lin ity . I t  tells w hat 
com ponents are  presen t in th e  system  th rough  logical s ta tem en ts . T h e  gas-free liquid 
solu tion  density  is also evaluated  in  th is sub rou tine  together w ith  an  in itia l guess of the 
so lubility  of com ponent 3 (m ethane). T he m ain  program  consists of several subrou tines to 
evaluate  and upd a te  those term s in  equation  3-8 and  3-86 based on the conditions provided in 
th e  user subrou tine. E q u a tion  4-1 is used for a  stopp ing  criterion . T h e  ca lcu lation  sequence 
for de term in ing  the  gas so lubility  in a  specific brine solu tion  a t  fixed tem p era tu re  an d  pressure 
is listed  below along w ith  a  flow c h a rt in F igure 4-2 . T h e  com plete com puter p ro g ram  is 
listed  in append ix  D.
(1) Specify tem p era tu re , pressure, m ola lity  o f sa lts, the  system  com ponents, and  
th e  ra tios o f o th e r gas solutes to  dissolved m eth an e  in the  liquid phase.
(2) C alcu late  solvent w ater density , sa tu ra tio n  vapor pressure, and  gas solute-free 
solution density .
(3) A ssum e a  m eth an e  so lubility  x 3 . C alcu late  solu tion  density  including dissolved gases
and  ca lcu late  th e  corresponding liquid phase com position based on specified ra tio s  of 
dissolved gas com positions.
(4) C alcu late  f?*, which is the rig h t hand  side o f equation  3-56 for each solu te a t 
T , P , and a t  the  cu rren t e s tim a te  of liquid phase com position.
S ta r t
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User provides T ,P  m , com ponents, ra tio s  of 










o u tp u t
Solve for Y ,
A ssum e X q jj
A djust d>; by 
Secant m ethod
guess 4>i f ° r each 
vapor com ponent
C om pute  using SRK
A dju st X ^ j |  
by Secant 
m ethod
C alcu la te  f ^  for each solu te gas, also ca lcu la te  x t 
for all o th e r solu te gases based  on specified ra tios
F igure 4-2 Flow c h a rt o f p rogram  to  com pute m e th an e  so lub ility  given system  
specifications and physical pa ram ete rs  o f com ponen ts
Since the  fugacity  coefficient is a  non linear function  of the  vapor phase m ole fraction 
accord ing  to  equation  4-14, Secant m ethod  is used to  converge on <f>i an d  y t- as follow :
(5) A ssum e < for each vapor com ponent.
(6 ) Solve for y t- from  equation  3-8 and  3-86.
(7) U pdate  <f>i from  equation  4-4.
(8 ) I te ra te  on steps 6 , an d  7 by Secant m ethod  u n til convergence on </>,- is achieved.
(9) Ite ra te  on steps 4 to  8  by secant m ethod  u n til b o th  Yi ~  l )  a n ^
X f ew ) /  X ° ^ ^  are  w ith in  desired tolerances.
4-5 Analysis of Initial Results and Decision Made to Improve Predictions
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In th is section, a  review o f th e  resu lts th a t  were achieved from  using the m ethane 
so lubility  p red iction  p rogram  is presen ted . We believe it  is im p o rtan t to  explain  w hat resu lts 
we ob ta ined  and  in w h a t system , so th a t  th e  subsequent m odifications th a t  were m ade to  the  
physical p a ram ete rs  and  to  the p ro g ram  can be ju stified  to  the  reader. F irs t, to  evaluate  our 
m odel to  see q u a lita tiv e ly  w hether it  predicted  reasonable results, co n stan t values for the  a  
pa ram ete rs  o f m eth an e  and  w ater were chosen w ith in  th e  reported  lite ra tu re  ranges and  
solubilities were calcu lated  to  com pare w ith  the  experim ental d a ta  of C ulberson and  M cketta  
(1951) a t  377 K and  240 a tm . F igure 4-3 p lo ts the  pred icted  M ethane so lub ility  vs. pressure a t  
zero sa lin ity  and  tw o different tem p era tu res . A t relatively  low tem p era tu re  and  pressure, the  
p red iction  has less th a n  1 % devia tion  from  the experim ental d a ta , b u t the  dev iations increased 
as tem p era tu re  and  pressure increased. T h e  sam e conclusion was d raw n w hen calcu lated  
results were com pared  w ith  o th e r experim en tal d a ta  sets for m ethane in pure  w ater. 
O bviously, there  were som e effects of tem p era tu re  and  pressure which our m odel a t  th is  po in t 
did  no t hand le  adequate ly , especially for the  tem p era tu re  effect.
4-5-1 Possible Effect o f W a te r  D ensity  on M ethane Solubility
A p lo t of calcu la ted  m eth an e  solubility  in pure  w ater vs. tem p era tu re  is show n in 
F igure 4-4 for com parison w ith the M cK etta  and  C ulberson’s d a ta . O ur m odel does p red ict a 
rise in so lubility  w ith  increasing tem p era tu re , yet the  cu rv a tu re  is n o t large enough to  
accom odate  the  experim en tal d a ta . One possible exp laination  of th is  discrepancy was offered 
by P o tte r  and  C lyrne (1978). T hey  stud ied  solubilities o f six sim ple gases in w ater and 
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0.0020 □  McKetta's Data a t 444 K- - Calc. Results at 444 K
0.0010 ■  McKetta's Data a t 377 K— Calc. Results at 377 K
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Figure 4-3 In itia l com parison  of the  discrepancies betw een pred icted  m ethane
so lub ility  and  experim ental d a ta  o f C ulberson and  M cK etta. Physical 
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Figure 4-4 T h e  difference o f predicted  m ethane  solubility  in pure w ater using 
various co rrela tion  of w ater density
in stead  of tem p era tu re . T h e ir s tu d y  ind ica ted  th a t  the  th erm odynam ic  p roperties o f dense 
fluid m ix tu res  are  m ore sensitive to  th e  w ate r density  th a n  to  the  tem p era tu re . O riginally  we 
were using Y aw ’s co rrela tion  for liquid density . F rom  T ab le  4-1 we do  see th e  devia tion  of 
Y aw ’s p red icted  densities of w ater from  those of the  steam  tab les increases as tem p era tu re  
increases. W e w anted  to  find o u t if th is  dev iation  is a  possible reason for th e  m ethane 
so lub ility  d iscrepancy a t  high tem p era tu res . So we sw itched to  K eenan’s co rrela tion  for w ater 
density  w hich agrees a lm o st perfectly  w ith  the  steam  tab les. T h e  resu lts are  changed only 
sligh tly  and  in th e  w rong d irec tion . Therefore, we concluded th a t  im prov ing  the  density  
co rrelation  d id  not im prove th e  m e th an e  so lub ility  discrepancies.
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4-5-2 Possible Effect of Temperature on Methane Solubility via The L-J Parameter a
T he reported  m eth an e  solubilities of C ulberson an d  M cK etta  goes th rough  a  m in im um  
a t ab o u t 344 K, as seen in F igure 4-5. Is our m odel capable  of p red ic ting  th is  ty p e  of 
behavior? If no t, we probab ly  need to  reconsider th e  v a lid ity  of our m odel; if it  does pred ict a  
m in im u m  in so lubility  vs tem p era tu re , then  we w an t to  see w h a t can be done to  im prove our 
p red iction . F igure 4-5 shows clearly th a t  a  m in im um  is indeed p red icted  by our m odel. I t  also 
suggests th a t  if we can shift our pred iction  curve a  little  to  th e  left, then  we should  have a  
b e tte r overall pred iction . T h is ind ica tes th a t  som e p a ram ete rs  in  the  m odel should have been 
set a t  values different from  the  cu rren t ones, or, perhaps even vary ing  w ith  tem p era tu re . In 
the ligh t of the  above discussion, w hen we searched for a  tem p era tu re  effect in our m odel, we 
concluded th a t  a d ju s tm e n t of the  h a rd  sphere d iam eters for m eth an e  a n d /o r  w ater in equation
3-30 offered the  only source of possible im provem ent due to  tem p era tu re  in th e  cu rren t m odel. 
Real partic les do no t possess hard  cores anyw ay, and  the  correspondence betw een the  hard  core 
d iam eter and  the  cr p a ram ete r in the  L-J po ten tia l, as show n in equa tion  3-30 suggests th a t  if 
we were to  allow  a  to  change w ith  tem p era tu re , th is  should  resu lt in  a  tem p era tu re  effect, 
which m igh t reduce the  d iscrepancy. T h e  case for a  tem p era tu re  dependence of cr p a ram eters  
had  been discussed earlier by P ie ro tti (1967) and  M ayer (1963) in connection  w ith app lica tions 
of scale partic le  theory  to  gas so lub ility  an d  surface tension. Schulze and  P rau sn itz  (1981) also 
stud ied  gas so lub ility  a t  low pressure using scale partic le  theory . T hey  found o u t th a t  the  
experim en ta l d a ta  could often be fit well only if th e  key p a ram ete r tr were allow ed to  be 
sligh tly  dependen t on tem p era tu re . F igure 4-6 shows the  trem endous change in so lubility  
p red iction  from  F igure 4-5 th a t  resu lts  from  le ttin g  the  <r p a ram ete r of w ate r linearly  decrease 
w ith increasing tem p era tu re . I t  also reveals th a t  th e  exact re la tionsh ip  o f cr w ith  tem p era tu re  
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Figure 4-5 M inimum methane solubility in pure water predicted by our model 
w ithout adjusting the <r parameter of water from the initial values 
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Figure 4-6 The effect of a linear variation o f temperature on predicted
m ethane solubility in pure water.
The solid line is predicted with =  2.786 — 0 .60xlO*3 T  ,
the dash line is predicted with =  2.786 — 0 .8 5 x l0 '3 T  .
4-5-3 Possible Im provem en t of T h e  M odel by A dding D ipole-D ipole and  
C harge-D ipole In te rac tions
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In our m odel, the  effect of pressure on m eth an e  so lub ility  is m anifested  th rough  the  
p a rtia l m olar volum e of solute gas as in equation  3-60. Recall th a t  in deriv ing th e  equation  for 
ap p a ren t ideal so lu tion  fugacity , only the  solute-solute an d  solu te-so lvent in te rac tions were 
required . T h e  so lven t-so lvent and  ion-solvent in te rac tions were n o t needed as they  do  no t 
affect the  fugacity  of the dissolved m ethane. B u t to  develop the  p a rtia l m olar volum e 
equation , we needed to  evaluate  the  to ta l pressure equation  3-67, w hich con ta ins all the 
possible in te rac tions in the  so lu tion . W hen w e add  the angle-averaged C harge-D ipole and 
D ipole-D ipole in terac tions, as in append ix  B, to  the  pressure equation , the  resu lting  m agn itude  
o f every co n trib u tio n  for a system  a t  T =  324.5 Iv, P =  300 a tm  an d  4m  N aC l brine solu tion  is 
as follows : (u n it=  e rg /c m 3 )
non-polar dipole-induced dipole-dipole charge-dipole
dipole
-  0 .4 3 7 x l0 10 — 0 .2 2 6 x l0 10 -0 .1 6 3  x lO 11 - 0 .3 6  x lO 12
As a  resu lt, in equa tion  3-69 for th e  hard  sphere :
V =  0.212 x 1011
oV
an d  in equa tion  3-70, su b stitu tio n  of the  above co n tribu tions gives :
V =  sum  of all in te rac tions =  —0.38 x 1012
oV
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T h e resu lting  value of the iso therm al com pressib ility  of the  so lu tion  ca lcu la ted  in  equation  3-71 
becom es negative, —0.276 xlO "11, w hich is obviously physically  incorrect. Therefore, the 
a tte m p t to  include the D ipole-D ipole an d  D ipole-C harge in te rac tio n s h ad  to  be abandoned . 
T h is was the  case in T iepel and  G u b b in s’ work (1972 a), a lthough  no t s ta te d  explicitly . T he 
reason th a t  we could no t include th em , we believe, is th a t  m ost of th e  reported  values for 
L ennard-Jones po ten tia l p aram eters  of w ater have already  inco rpo ra ted  th e  effect of Dipole- 
D ipole in terac tions as show n in append ix  C. T hus, in o rder for us to  include these in terac tions, 
the  L ennard-Jones param eters  would have to  tak e  on su b s tan tia lly  d ifferent values from  the 
reported  values. W e decided not to  pursue th is  any  fu rth er, leaving for a  la te r p ro ject the 
possib ility  of m odifying th e  L-J p aram eters  enough to  p e rm it including th e  D ipole-D ipole and 
D ipole-C harge in terac tions th a t  we have om itted .
U pon reaching the above conclusion we decided th a t  we needed to  be ab le to  ascertain  
w hether our pred ictons of p a rtia l m olar volum e ( w ith o u t the  D ipole-D ipole and  C harge-D ipole 
in te rac tio n s ) were reasonably  correct. E xperim enta l values of p a r tia l m olar volum e of 
m eth an e  in w ater from  Krichevsky et al. (1945), together w ith  th e  correla tion  of Brelvi and 
O 'C onnell (1972), were chosen for com parison purposes. F rom  a  given specific volum e o f a  
so lvent a t  a  system  tem p era tu re  T , O 'C onnell’s co rrelation  perm its  th e  evaluation  of the  
p a rtia l m olar volum e of a  solu te gas a t  infin ite  d ilu tion  th ro u g h  th e  following equations:
_coP?
V 2  =  K J R T  ( 1 -  C°12 ) (4-26)
w here
In ( l  +  p K }  R T )  =  -  0.42704 ( p  -  1 )+  2.089 ( p  — l ) 2 -0.42376( p -  l ) 3
(4-27)
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ln (  -  C 12 -^ - jr  ) 0 , 5 2  =  -2 .4 4 6 7  +  2.12074 p for 2 <  p <  2.785
=  3.02214 - 1.87085 p +  0.71955 p 2 for 2 .7 8 5 <  ~p < 3 .8  (4-28)
Here p = p V * , is th e  density  of the  pu re  solvent reduced by its  charac teris tic  volum e an d  V *, is 
a  characteristic  volum e for substance  i in u n it o f cm 3 /m o le . T h e  values o f V* for m eth an e  and  
w ater a re  99.5 and  46.4, respectively, as reported  in th e  orig inal paper. T h e  com parison 
betw een our m odel p red ictions o f the  p a rtia l m olar volum e of m e th an e  in w ater and  
O ’C onnell’s corre la tions are p resen ted  la te r in section 5-2.
4-6 Parameter Fitting
F rom  the  previous discussion, we have found th a t  a  sligh t change of c   ̂ w ith  
tem p era tu re  can result in su s tan tia lly  different p red ictions for m eth an e  so lubility . (T h is is also 
tru e  for changing  <rm etjia iie ) b u t th e  effect is no t so big as w ith  w ater.) Is th is tem p era tu re  
effect sufficient to  allow  us to  achieve an  effective global m odel for p red ic ting  m eth an e  
so lubility  over a  wide range of tem p era tu re , pressure, an d  sa lin ity  conditions? T ab le  2-1 
sum m arizes the availab le  published d a ta  on m eth an e  so lub ility  in w ater an d  brine so lu tion . 
Ideally , we w ould like to  use all the  d a ta  po in ts together an d  search for the  cr p a ram ete rs  th a t  
sim ultaneously  resu lt in th e  best g lobal fit of the  d a ta  in one run . B u t there  are  som e 
difficulties preven ting  us from  doing so. T h e  first concern is the  com pu ter tim e  th a t  w ould be 
required . W hile  the  m odel itself requires m any  ite ra tio n s for each so lub ility  ca lcu la tion , the 
p rogram , when im bedded  in a  G R G 2 search m ethod , requires m any  m ore. Secondly, m ost 
search m ethods, including G R G 2 becom e a lm o st ineffective w hen too  m an y  p a ram ete rs  are 
ad ju sted  sim ultaneously . T h ird ly , we really d id n ’t  know w hat range to  p e rm it th e  p aram eters  
to  vary  w ith in . Since our pred iction  is very sensitive to  <r, try in g  too  b ig  or too  sm all a  value 
for cr du ring  the  search procedure would p robab ly  give a  physically  m eaningless result and 
cause the  calcu lation  to  diverge w ildly. F inally , as we shall see, the  cr p a ram ete rs  th a t  give 
th e  best fit d o n ’t  alw ays give reasonable p red ictions for p a rtia l m o lar volum es of th e  solute 
gas. W e could have added  co n stra in ts  on V C H 4  for each d ifferent tem p era tu re  and  sa lin ity , 
b u t in doing so, we would have required  even m ore com pu ter tim e.
In order to  hand le  these m assive d a ta  sets effectively, we chose firs t to  fit ind iv idual 
d a ta  sub-sets a t  co n s tan t tem p era tu re  to  see if  we could o b ta in  som e clues to  the  f ittin g  of the 
a  param eters . F igure 4-7 shows som e results from  using G R G 2 to  determ ine  a  p a ram ete rs  for 
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Figure 4-7 F itting of <7h2o  an<̂  <tc h 4 *n potential w ith experimental 
solubility data
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th a t  there  are certa in  trends ev ident for a  changing w ith  tem p era tu re  for bo th  w ater and 
m ethane . For som e tem p era tu res , however, the  best value for the  a  pa ram ete r seem ed to  be 
put of the  general trend , b u t it also happens th a t  the corresponding calcu lated  p a rtia l m olar 
volum e was in error for these d a ta  as shown in T ab le  4-5. T h is is th e  case, for exam ple, w ith 
S u ltan o v ’s d a ta  a t  523 K, w here the  predicted p a rtia l m olar volum e o f 39.0 is even less th an  
m ost o f the  pred icted  values a t lower tem pera tu res . T h ro u g h o u t our calcu lations, we have 
found ou t th a t  gas so lub ility  increases w ith a decreasing value of 0"h2o  or <7CH4 ’ a ' so a  
change in  0"h2o  was f°u n d to  have a  bigger effect on so lubility  th a n  th a t  one in c r ^ ^ .  
However, when com paring  the  p a rtia l m olar volum es, the  effect o f the  cr values is different.
V Ch 4 increases rap id ly  w ith increasing while it  decreases slowly w ith increasing 0 ^ 0 '
W ith  th is  in m ind , it  was possible to  ad ju st bo th  0 h 2O a n d  <TCH4 to  follow the trend  we
observed in F igure 4-7 while o b ta in ing  reasonable V C H 4  values w ith o u t losing m uch of the
pred iction  accuracy over th e  en tire  range.
T o sim plify fu rth e r the  f ittin g  procedure, we assum ed th a t  th e  cr p a ram ete rs  for each 
com ponent would no t be affected by the  appearance of o th e r species in th e  m ix tu re . T h is 
enabled us to  break  th e  d a ta  in to  sm all groups, determ ine and  0 h 2O ôr ^ ie m eHiane_
w ater group, and then  using these values to  determ ine values for the  o ther cr p a ram ete rs  from  
o ther d a ta  groups separa te ly  and  sequentially . Also, instead  of using p a rtia l m olar volum e as 
constra in t equations, we sim ply  used our own understan d in g  o f th e  system  and  ju d g em en ts  to  
o b ta in  m eaningfu l results. T h e  procedure followed for f ittin g  a  p a ram ete rs  is listed below:
(1). Search for <?c h a anc* (TH20  from  C H 4 / H 20  d a ta .
(2). F ind  cr , , c tq -  from  C H 4 /H 20 /  NaCl system . T he m assive 670
Na
d a ta  po in ts o f B lount was averaged to  reduce to  215 poin ts.
(3). F ind 0 c .,H 6 f r ° m C 2 H 6 / I I 20  system . (C ulberson & M cK etta ’s d a ta )
T ab le  4-5 Ind iv idual fitted  <tC H 4  and  crH <)0  for various d a ta  sets along 
w ith  its  corresponding p a rtia l m olar volum e of m ethane
T  (K) A uthor £Th 2o <tCH4 v C H 4
344 M cK etta 2.77502 3.75936 37.7
377 . . 2.74257 3.82572 40.9
411 2.72034 3.83369 42.6
444 2.73162 3.74893 40.9
324.5 O ’Sullivan 2.76616 3.78532 38.5
375.5 • • 2.73305 3.85415 42.0
398 2.68448 3.98415 48.4
423 Sultanov 2.73064 3.77348 40.8
473 • • 2.68205 3.75677 43.4
523 •• 2.70835 * 3.57205 39.0
373 B lount 2.73560 3.83062 41.2
427 Price 2.67047 3.90958 46.9
479 2.66976 3.79441 44.5
494 • • 2.61816 3.87702 49.5
507 •• 2.62042 3.76725 46.6
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(4). F ind  (TCOr) from  C 0 2/  H 20  system . (T dedheide k  F ra n k ’s d a ta )
(5). T he final set of p aram eters  were then used to  p red ic t m ethane so lubility  in
C H 4/  C 0 2/  I I20 /  NaCl an d  C H 4/  C 2 H 6/  H 20 /  N a d  system s and  com pared w ith 
reported  d a ta  of B lount, which were no t used in the p aram eter fittin g  steps.
T he G R G 2 search was carried  ou t on the  IBM  VM facility  a t  LSU C hem ical Engineering 
D ep artm en t. T he objective was to  m inim ize the  function:
PVD. /> r, ] /> fy
O BJ (4-29)
w here x J XP‘ is the  reported  experim en tal d a ta  j  an d  Xj a 0̂- is th e  calcu lated  so lub ility  a t d a ta  
j condition , which is a function  b o th  of the  p a ram ete rs  being searched and  th e  conditions of
tem p era tu re , pressure, and  sa lt m olality .
(4-30)
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4-6-1 CII4 /  H20  System
In the  C II4 / H 20  system , 147 d a ta  po in ts  from  various au th o rs  were used to  search for 
<tCH 1 an<  ̂ ctHoO‘ T hey  covered tem p era tu res  from  298 to  565 K and  pressures from  22 
th ro u g h  1900 a tm . W e first searched to  see if a co n stan t value for crCH  ̂ and  0"hoO cou^  fit 
th e  en tire  d a ta  set . T ab le  4-6 list th e  results of th e  various run  m ade in te rm s of average 
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RM SD  =  ^ -------------------  I (4-32)
T h e  objective te rm s (O B J) is defined as in equation  4-30. C o n s ta n t values for 2.8769
and  C q jj  =  3.3770 were found in run  num ber 1 b u t a t  a  very high RM SD . T he p a rtia l m olar 
volum e of m e th an e  th u s  ob ta ined  varied  from  26.2 a t  298 K to  33.9 a t  565 K, w hich is too  low 
com pared  to  the  experim enta l values reported  in T ab le  5-3. W hen we allow ed c t ^ q  to  change 
linearly  w ith  tem p era tu re  in run  2 , we found th a t
a H20  =  2.92191 - 4.88508 x 10' 4 T  
crCH  ̂ =  3.7904
1 0 7
Table 4-6 Partial F test of parameter fitting of CH4/H 20  system.
run
no
P aram e te r
fittin g
AD RM SD OBJ P a rtia l F 
T est
1 ° H 2 0  = 2 .8 7 6 9  
a  c h 4 = 3 .3 7 7 0
-0.0689 0.214 6.7069
2 <tH 2 0  = 2 .92191- 
4 .8 8 5 0 8 x l0 "4 T  
<rCH  ̂ = 3 .7 9 0 4
-0.0322 0.147 3.16725 162
3 ^H 2 0  = 2 .79254-
1 .4 7 7 3 9 x l0 ~4 T -0.0253 0 . 1 2 1 2.16072 6 6 . 8 8
crCH = 4 .19652- 
1 .0 4 1 1 3 x l0 "3 T
4 = 2 .4 7 3 0 7 +  
0 .179337x10"2 T  
-0 .29952x 10’ 5  T 2 
<rCH = 3 .87711
-0.0079 0.0692 0.704 503.8
5 37437+  
0 .248406x10”2 T
-0 .4 5 6 7 2 x l0 "5 T 2 -0.0136 0.0682 0.684 2.69
+ 0 .1 1 9 x l0 " 8 T 3
crC H 4  = 3 .8 7 0 2
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But, th e  RM SD  was still too high. T h e  V CH  ̂ values now varied  from  38.33 a t  298 K to  51.04 
a t 565 K, w hich is too  low a t  the  high tem pera tu re . W ould le ttin g  cr ( - ^ n o t  be co nstan t 
im prove the  f ittin g  fu rther?  W e found th a t  when we let bo th  c r ^ ^ a n d  f (-|2 0  vaiT  linea.rly 
w ith  tem p era tu re  in run  3, we ob ta ined  :
° H „ o  =  --79254 -  1.47739 x lO ' 4 T  
<tC H 4  =  4.19652 -  1.04113 x lO ' 3 T
w ith RM SD  decreasing only a sm all am oun t. B ut the  problem  now w as th a t  th e  V CH  ̂ value 
rem ained  a lm o st co n stan t from  42.22 a t 298 K to  43.36 a t  565 K. A nd in th e  v icin ity  of 323 K, 
V Ch 4 ac tua lly  decreased w ith increasing tem pera tu re . I t was previously m entioned  th a t  the 
V Ch .j value is affected very largely by the  c r^ ^ v a lu e  used. As <rCH  ̂ is d irectly  re la ted  to  the 
d iam ete r o f th e  m eth an e  m olecule, the  bigger the  value, the  larger V CH^. Therefore, in
order to  have V CH  ̂ increase rap id ly  w ith  tem p era tu re , as suggested by experim en ta l values 
and  by O 'C o n n ell’s correlation, we concluded th a t  o"ch4 c°u ld  no t be p e rm itted  to  decrease 
w ith tem p era tu re . W e next kept co n stan t b u t allow ed a  second order v a ria tio n  o f crH20
w ith tem p era tu re  in run 4, giving:
a C H 4 =  3.87711
<yh ^ o  =  2.47307 +  0.179337 x lO ' 2 T  - 0 .29952x 10' 5  T 2
w ith  RM SD  =  0.0692 which was a  very su b s tan tia l im provem ent, an d  th e  V C(_|4 thus 
ca lcu la ted  varied from  42.0 a t  298 K to  62.2 a t  565 K w hich, is qu ite  close to  th e  reported  
values in T ab le  5-3. In run 5, a  cubic re la tion  o f w^ h  tem p era tu re  was tried . T he last
colum n in T ab le  4-6 lists the  s ta tis tica l partia l F te s t (D raper and  S m ith , 1967) value so th a t
it m easures th e  significance of the  reduction  in RM SD achieved com pared  to  the  previous run. 
T he F value for including the  T 3 te rm  was too  low com pared to  F  required  for 99% confidence 
(6 .8 ) and  therefore the  term  was rejected. Figure 4-8 p lo ts the ind iv idual fit of from  the
various experim en ta l d a ta  sets vs. tem p era tu re . C om pared w ith F igure 4-7, we see th a t  the 
overall d a ta  can now be represented very well .
4-6-2 C n 4 / I I 20 /  N aC l System  :
T h e  L ennard-Jones p a ram ete rs  for ions do no t seem to  be reported  very widely in the 
lite ra tu re . A lthough crystal radii can be used to  provide ap p ro x im ate  values for <Tjo n , as in 
the  works of Shoor and  G ubbins (1967) and  M asterton  and  Lee (1970). O ther th an  
convenience and availab ility , there is no reason to  assum e th a t  th is  is th e  exact value of the 
size p a ram ete r to  use for ions in so lu tion . Benson and  C opeland (1963) es tim ated  th a t  the 
ionic rad ii in so lution should exceed crystal rad ii by a t  m ost 0.02 A. Tiepel an d  G ubbins 
(1973) reported  a 1.04 tim es the  crystal d iam eter for the  <7 jon param ete r. In  view o f the 
sensitiv ity  of the  calcu lated  solubilities to  the a  values, we decided to  fit <r p aram eters  for Na"̂ ~ 
and  Cl" based on the cr pa ram eters correlated  for w ater and  m eth an e  in the  C H 4 / H 20  system  
as follows:
cr. =  C x cr ion pauhng
W here °rp a u jin g were 1.9 A for Na~*~ and  3.6 A for C l-  , as determ ined  by P au ling  (1960). 
T h e  best value for C which best fit B lo u n t’s d a ta  for m ethane-b rine  was 1.012. T ab le  4-7 
com pares solubilities calcu lated  from  th is m odel w ith  those of B lo u n t’s co rrela tion . For 
B lo u n t’s d a ta  above 373 Iv, the B lo u n t’s polynom ial does fit his own d a ta  som ew hat be tte r 
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Figure 4-8 F ittin g  of orHi)Q in L-J p o ten tia l w ith  experim en ta l so lub ility  d a ta  
using co n stan t value
T ab le  4-7 C om parison  of RM SD  of p resen t m odel w ith  B lo u n t’s P o lynom ial in 
N aCl brine solution .
I l l
A uthor T  ( K) D a ta  p ts




B loun t 373 49 0.0947 0.0623
et al. 408 54 0.0619 0.0560
443 49 0.0691 0.0529
478 42 0.0967 0.0763
512 19 0.0849 0 . 0 2 1 0
O ’Sullivan 324.5 11 0.0507 0.0811
e t al. 375.5 1 0 0.0844 0.1454
398.0 11 0.2520 0.3367
B lount 
et al.
298-373 34 0.1750 1.094
own low pressure and  low tem p era tu re  d a ta  however. Also, th ere  were very large deviations of 
B lo u n t’s polynom ial from  O ’Sullivan and  S m ith ’s experim ental d a ta  on m ethane-brine, which 
were a t  m odera te  tem pera tu res . O ur m odel, on th e  o ther hand , can be seen to  be valid  over 
the  en tire  tem p era tu re  and  pressure range of B lo u n t’s d a ta  as well as O ’Sullivan and  S m ith ’s 
d a ta  for the  m ethane-brine  system . For the  pure w ater system , as we discussed in the  previous 
section, our p red iction  is far b e tte r th a n  any o f the  previous work on th is  subject, including 
B lo u n t’s co rrelation . W e shall discuss th is  fu rth e r in ch ap te r 5.
4-6-3 C 2 H 6/  H 2O system  :
T he p a ram ete r equa tion  we o b ta ined  from  the  C H 4 /H 20  system  was used in
th is  step  to  find the  best v a lues- T h e  experim en ta l d a ta  we used for th e  C 2H 6 / H 20
system  was from  C ulberson and  M cK etta  (1950), w hich includes 45 d a ta  po in ts and  covers 
pressures from  130 to  670 a tm  and  tem p era tu res  from  310.93 to  444.26 K. T h e  co n stan t value 
of crc^Hg " ’hicli best fit the  d a ta  w as :
<t0 ) H 6  =  4.42198 
w ith  O B J =  0.00731373, AD =  -0.00215 and  RM SD  =  0.0403.
T h is value was then  used w ith  th e  previous findings on ^ c h 4> <7H 20 >  a  +  > an ^  a C\-  *° 
p red ict the  effect o f C 2H 6 on m eth an e  so lub ility  in N aCl brine solutions. T h is will be 
discussed fu rth er in section 5-4.
4-6-4 C 0 2/  H20  system :
A gain, the  <^h2 0  p a ram ete r equation  we ob ta ined  from  th e  C H 4 / H 20  system  was 
used in th is  s tep  to  find the  best values. T he experim en tal d a ta  set we used for the
C 0 2 / H 20  system  were from  T dedheide and  Franck  (1963), w hich co n ta in s 45 d a ta  po in ts  from
383 to  443 K and  99 to  1480 a tm . Because o f the  w idely reported  quad rupo le  m om en t for the
C 0 2 m olecule, we found it necessary to  include it as an o th e r p aram ete r to  be de term ined  in 
add itio n  to  th e  param eter. O ur results were :
<t CO i} =  3.2936
Q C0 2 =  0.9315
w ith  AD =  -0 .0 1 1 8 , and  RM SD =  0.0791 .
4-7 S um m ary
W e have presented in th is chap te r all th e  d e ta ils  of the calcu la tions involved in our
m odel to g e th er w ith  a  com puter a lg o rith m  to  solve sim ultaneously  th e  therm odynam ic
equations for vapor-liqu id  equilib ria  in our system . T he m ost s ign ifican t pa ram ete rs  th a t  
affect our p red ictions were found to  be the  a  p a ram eters  o f each com ponen t in th e  L ennard-
Jones p o ten tia l. W e have thu s discussed a t  length  our d a ta  f ittin g  and  pa ram ete r
d e te rm in a tio n  procedure. W e will n ex t m ake extensive com parisons of o u r m odel predictions 
o f m eth an e  so lub ility  w ith  experim en tal d a ta  and  o ther correlations in ch ap te r 5.
Chapter 5
R esu lts and  C om parisons
In chap te r 4, we reported  on the  m ethod  w hereby the  a  p a ram ete rs  for our system  
were determ ined  using the  availab le  m eth an e  solubility  d a ta . Based on these param eters , we 
now address the  questions : w hat is th e  effect of tem p era tu re , pressure, sa lin ity , an d  o ther gas 
com ponents on m ethane solubility  ? W e also w an t to  com pare th e  resu lts o f th is  s tu d y  w ith 
those of previous studies.
5-1 T h e  Effect o f T em p era tu re  on M ethane Solubility  for M ethane-W ater M ixtures O nly
As was discussed in section 4-3, experim ental resu lts show th a t  m eth an e  solubility  
goes th rough  a  m in im um  a t ab o u t 344 Iv. F igure 5-1 com pares th e  effect of tem p era tu re  
pred icted  by th is  m odel w ith M cK etta ’s d a ta  for m ethane-w ater a t  various pressures. The 
correspondence w ith the d a ta  is exceptionally  good over the  en tire  range, a lthough  there is a 
sligh t tendency a t  high pressure for the  pred ictions to  be low in th e  low tem p era tu re  range and 
high in the high tem p era tu re  range. For b o th  the  d a ta  and  the  p red iction , a t  P =  22.5 a tm , 
the  existence of a m in im um  so lub ility  is no t clear, b u t as pressure increases fu rther, i t  becomes 
evident. T he p a rtia l m olar h ea t of so lu tion A h 3 provides a  q u a n tita tiv e  m easure of the 
tem p era tu re  dependence of so lubility , as given by the therm odynam iclly  exact equation  2-13 :
d  in ( 7 3  Hg) _A h 3 5  111 ( f3 0  
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Figure 5-1 M inim um  m eth an e  so lubility  in  pure w ater a ro u n d  344 K pred icted  
by our m odel an d  the  experim en tal d a ta  of C ulberson an d  M cK etta
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In order to d up lica te  the  m in im um  solubility  behavior, Coco and  Johnson  had  to  assum e a 
linear re la tionsh ip  of A h 3 w ith  tem p era tu re , then  use equation  2-13 to  ad ju s t H 3 w ith  
tem p era tu re , and  find values for the  slope and  in tercep t of the  A h 3 vs tem p era tu re  line th a t  
caused a  m in im um  in solubility  to  occur a t  the  desired tem p era tu re . F igure 5-2 p lots the 
logarithm  of the  ap p a ren t ideal solution  fugacity, Inf?*, vs. tem p era tu re  a t  various pressures. 
C learly , it is no t a m onotonic function of tem pera tu re . T ab le  5-1 show s the  m ag n itu d e  th a t  
each te rm  co n tribu tes to  ln f^  as in equation  3-56, the  perb u rb a tio n  expansion equation , as 
calcu lated  by our m odel.
hs,r n
In f? ' =  fh _____ (. 1
111 l l  —  T . ''T ' KK T  K T  OX , K T  d a
A  —  0 Ql —  o
2K T +  InK T p (3-56)
\  —  0
T he ln K T /9 te rm  in T ab le  5-1, w hich results from  the sum  of th e  inv idual densities, changes 
little  w ith  tem p era tu re , b u t it does increase g radually  as tem p era tu re  increases. T h e  first order 
te rm  in a  is only a sm all co n trib u tio n  to  the to ta l p e rtu rb a tio n  while the  first an d  second order 
te rm s in A provide m ost of the  ad ju s tm en t from  the hard  sphere reference s ta te , an d  they  bo th  
decrease w ith increasing tem p era tu re  as expected, since real fluids behave as h a rd  sphere fluids 
in the high tem p era tu re  lim it (T iepel 1973). T he ^ /i^S,r/K T ^  te rm  is from  th e  hard  sphere 
equation  of s ta te  w hich also decreases w ith increasing tem p era tu re . T h e  tab le  shows th a t  the 
sum  of these term s resu lts in a  m ax im um  ln f ^ a t  ab o u t 344 K a t  a  pressure of 170 a tm . T his, 
o f course, causes a m in im um  in m ethane solubility  a t  th is po in t. T h is m in im um  was predicted  
from  th e  p e rtu rb a tio n  m odel by equation  3-56.
F igure 5-3 com pares our calcu lated  resu lts w ith B lo u n t’s co rrela tion  and  Coco and  
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Figure 5-2 M axim um  ap p aren t ideal so lu tion  fugacity  of m e th an e  pred icted  
by our m odel around  360 Iv a t  various pressure
T ab le  5-1 C om parison  of the  m agn itu d e  of each te rm s in  eq u a tio n  3-56 
for m ethane-w ater system
T P
hs.r 
V i  ' 1 9 V\ l  9 2  V\ 1 9 V; InK T /i In f? 'K T K T  dX 2K T  5 A2 K T  d a
298 170 9.988 -5.885 -0.631 -0.058 7.213 10.627
311 175 9.808 -5.618 -0.578 -0.056 7.251 10.807
34-1 174 9.234 -5.009 -0.468 -0.051 7.336 11.042
377 173 8.567 -4.503 -0.389 -0.046 7.405 11.034
411 169 7.825 -4.064 -0.329 -0.039 7.462 10.855












□  Price's Data
-  - Blount's Correlation  Coco's Correlation0.0200
—  This Study ■  Sultanov's Data
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F igure 5-3 C om parison  o f  m ethane so lub ility  in pure w ater predicted  by
different correla tions w ith  experim ental d a ta  of P rice an d  S u ltanov
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m ake m any  X vs T  p lo ts like th is one from  the availab le experim en tal d a ta  because m ost of 
the  experim ents were run  by keeping tem p era tu re  co n stan t while varying pressure. B u t we do 
find these d a ta  po in ts  from  Price (1979) and S ultanov (1972) w hich are a t  pressure conditions 
very close to  each o ther to  present on the  sam e figure. F rom  th is  com parison, we see th a t  th is 
s tu d y  and  Coco and  Jo h n so n ’s correlation  have ab o u t equally accu ra te  predictions a t  th e  lower 
pressure o f 580 a tm  and  are b e tte r th an  B lo u n t’s correlation , w hich is accu ra te  only a t  lower 
tem p era tu re . A t the  higher pressure of 1070 a tm , the  th ree all give roughly  equivalen t results, 
w ith  Coco and  Jo h n so n ’s curve dev ia ting  the  m ost a t  low tem p era tu res , and  th is  correlation 
and  B lo u n t’s co rrela tion  deviating  the  m ost a t  the  higher tem p era tu res .
In sum m ary , our m odel, based on p e rtu rb a tio n  theory , accurately  dup lica tes the 
m in im um  m ethane  so lubility  th a t  occurs in th e  low tem p era tu re  range w ithou t hav ing  to  use 
equation  2-13 as the  basis for the  tem p era tu re  dependence. In  th e  higher tem p era tu re  range, 
our m odel perform s equal to  or b e tte r th an  previous correlations in respresenting the 
tem p era tu re  effect on m ethane solubility .
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5-2 The Effect of Pressure on Methane Solubility for Methane-Watcr Mixtures Only
As we have discussed in C h ap te r 4, the  pressure effect on gas solubility  enters in to  our 
calcu lation  th rough  the p a rtia l m olar volum e of the solute gas. R ecall th a t  the  ap p a ren t ideal 
solution  fugacity  a t system  pressure can be corrected from  th a t  a t  sa tu ra tio n  pressure using the 
K richevsky-K asarnovsky equation . T ab le  5-2 lists th e  co n trib u tio n  from  various term s shown 




= m  + T u M p - ps0 -
v f i  p 2
2R T (3-86)
_ p s  
/ T V 1 P
G enerally  speaking, N am io t’s correction, ——  , w hich is th e  fifth  te rm  in T ab le  5-2,
accounts for ab o u t 3% in the  corresponding f ° '  due to  the  pressure increase a t  th e  lower 
pressure ( P  =  671 a tm  ). B u t a t  higher pressure (1900 a tm  ), it  accounts for ab o u t 20% 
change in { f . Therefore, it  is im p o rta n t to  include th is  correction  a t  high pressure. T ab le  5-3 
com pares our pred ictions o f V ; and  j3i for m e th an e  in pure w ate r w ith  reported  values from  
the  lite ra tu re . Excellent agreem ent w ith experim en ta l values was found. O ur pred iction  is 
clearly m ore acceptab le  th an  C oco’s correlation  of p a rtia l m olar volum e from  his curve fitting  
results. T he pred icted  j3i values show  a  m in im um  around  373 Iv, w hich was no t know n before, 
b u t the m ag n itu d e  of these /?,• values are com patib le  w ith  C ho i’s resu lts th a t  were based on his 
experim ents w ith  the  m ethane-w ater system . F igures 5-4 an d  5-5 show  th a t  m eth an e  solubility  
in w ater alw ays increases w ith  increasing pressure. T h is  study  shows th a t  our correlation  gives 
the  best global fit to  the  experim ental d a ta  o f various au th o rs , b u t Coco and  Joh n so n ’s 
correlation  is also very accu ra te  for representing the whole d a ta  set. B lo u n t’s correlation gives 
the biggest dev ia tion , som etim es trend ing  su b stan tia lly  aw ay from  the  d a ta .
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T ab le  5-2 C o n trib u tio n  of various te rm s in equation  3-86
T  (K ) P (a tm ) M, , , — P sV f 1 /  p  p s \ p sPi  v f i p 2 In ( V )R T  V 1 ) 2R T
344 22.5 10.9570 0.0334 0 . 0 0 0 0 10.9904
344 671.3 11.0636 1.0047 0.0290 12.0393
479 539.0 10.2807 0.6475 0.0183 10.9100
479 1900.0 10.4214 2.2965 0.2225 12.4954
565 188.5 9.0752 0.1504 0 . 0 0 0 2 9.2254
565 1500.4 9.4473 1.7530 0.1847 11.0156
T ab le  5-3 C om parison of V q jj  and  /? q jj  p red icted  by th is  s tu d y  w ith repo rted  values 
in C H 4 / H 20  system
— P s
V , 1 ( cm 3 /g -m o le) Pi ( M P a ) ' 1
T  (K ) T h is Coco B revil’s T h is
study (calcu lated) correla tion reported stu d y reported
298 42.1 61.2 37.1 37.0 * 0.000975
323 42.3 61.4 38.9 38.0 * 0.000880 0.00075 **
373 43.2 61.7 43.8 0.000858 0.00095 **
423 45.4 62.1 52.0 0.000932
* from  experim enta l d a ta  of K rischevsky e t al. (1945)
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F igure 5-4 C om parison  o f m e th an e  so lubility  in pure  w ater p red icted  by B lount, 
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Figure 5-5 Comparison o f m ethane solubility in water predicted by Blount, Coco, 
and this study with experimental data o f Sultanov and M cKetta
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T he equilib rium  gas phase has very little  w ater in i t  un til the  tem p era tu re  exceeds 373 
K according to  our calculations as show n in T ab le  5-4. A t low tem p era tu re  ( <  373 K), 
therefore, the  fugacity  of the  m eth an e  in the  vapor m ix tu re  is p resum ably  equal to  th a t  o f pure 
m eth an e  tim es its  m ole fraction  and  hence its  fugacity  coefficient equal to  th a t  of the  pure 
m e th an e  a t  the  sam e tem p era tu re  and  pressure according to  Lew is’s rule. T he fugacity  
coefficient of pure m ethane can be w ritten  as (P rau sn itz , 1969):
P
In f t  =
( z - 1)
d P  (5-1)
0
Since the  com pressib ility  fac to r, Z, of pure m e th an e  goes th ro u g h  a  m in im u m  a t  low 
tem p era tu res , we can expect the  fugacity  coefficient o f pure m eth an e  an d  hence for m eth an e  in 
the gas m ix tu re  of our system  to exh ib it the  sam e behavior. T h is is show n in F igure 5-6, 
w here the  solid lines are based on our calculation of the fugacity  coefficient o f m ethane in the  
equ ilib rium  gas m ix tu re  using the SRK equation  o f s ta te . T h e  squares were read  from  the 
figure by Choi (1982), w hich was based on the  volum etric  d a ta  of O lds e t al. (1943) for pure 
m ethane . T h e  excellent ag reem ent a t  323 K shows th a t  our ca lcu la tions based  on SRK  
equation  of s ta te  for the gas phase was adequate . A t 373 K, how ever, the  d isagreem ent 
becom es ev ident as we should expect, since m ore w ater is p resen t in the  vapor phase an d  it 
causes the  fugacity  coefficient o f m ethane in the  m ix tu re  deviates from  th a t  o f pure m e th an e  a t 
the sam e tem p era tu re  and  pressure.
Table 5-4 Calculated vapor and liquid phase methane fractions in CH4/H 20  system
T  ( Iv ) P  (a tm  ) x c h 4 y c h 4
324.5 2 0 0 0.00225 0.99654
324.5 600 0.00374 0.99460
373.0 696 0.00448 0.98280
373.0 1520 0.00607 0.98430
473.0 387 0.00792 0.89801
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Figure 5-6 Fugacity coefficient of pure methane from Choi’s study and that in
methane-water m ixture from SRK equation o f state in this study over 
moderate presures and temperatures
5-3 The Effect of Salt on Methane Solubility
As sa lt is added to  the  C H 4 / H 20  system , th e  m eth an e  so lub ility  decreases. T his 
sa ltin g -o u t behavior is shown in F igure  5-7 a t  a  co n stan t pressure of 600 a tm . A gain, the 
calcu lated  so lub ility  goes th rough  a  m in im um  a t  ab o u t 344 K, according to  our prediction. 
Also shown in F igure 5-7 are som e experim en ta l d a ta  from  O ’Sullivan an d  S m ith  (1970) w hich 
show little  v a ria tio n  w ith tem p era tu re . T h is  behavior is co n tra ry  to  C ulberson an d  M cK etta ’s 
resu lts for pure w ater (m = 0 ) an d  also to  B lo u n t’s finding for brine so lu tions a t  low 
tem p era tu re  an d  pressure. T he correlation  resu lts o f B loun t e t al. are close to  our prediction  
above 344 K, b u t disagreed below th a t  tem p era tu re , as the ir co rrelation  was acknow ledged to  
becom e generally  invalid  a t  low tem p era tu res  an d  pressures. F igures 5-8 p lo ts  m eth an e  
so lub ility  against m ola lity . T h e  sa ltin g -o u t effect becom es m ore ev ident as th e  sa lt con ten t 
increases, since m ore m eth an e  will be sa lted  ou t. T he slopes of th e  tw o  curves in F igure 5-8 
show that, th e  sa ltin g  effect is affected by bo th  tem p era tu re  an d  pressure. W e will discuss th is 
fu rth e r as we p resen t the results o f sa ltin g -o u t coefficients in F igure 5-11. T he correlation  of 
Coco and  Johnson  is also p lo tted  in F igure 5-8 an d  our s tu d y  show s b e tte r  results th an  
previous studies. In F igure 5-9 is p lo tted  m ethane so lub ility  vs pressure a t  d ifferent sa lt 
m olalities. T h e  relative im provem en t of th is  s tu d y  over Coco an d  Jo h n so n ’s w ork is fu rth er 
exhib ited  here. W hile B lo u n t’s co rrelation  is com pletely  invalid  for these low tem p era tu re  and  
pressure conditions, our m odel, on th e  o th e r hand , p red icts very accu ra te  resu lts even though  
th e  low tem p era tu re  d a ta  of B lount were no t included in our p a ram ete r f ittin g . T h is is show n 
in F igures 5-10 and  5-11 a t  d ifferent low tem p era tu re  an d  low pressure conditions. C om pared 
to  B lo u n t’s d a ta , our m odel is again  significantly  b e tte r  th a n  the  previous work o f Coco and  
Johnson . Also notice in F igure 5-11 th a t  th e  so lub ility  of m e th an e  a t  297 K is g reater th an  
th a t  a t  324 K. T h is indicates the  existence of a  m in im um  so lub ility , co n tra ry  to  O ’Sullivan 











0.0060 p = 600 atm-  - Blounfs Correlation
O'sullivan's Data0.0050





















■ Blount's Data 
Coco's Correlation 
This Study 
-  Blount's Correlation
0.0120
0.0100
0.0080 4 7 8  K, P = 8 9 0  atm
0.0060-
0.0020  -
.50 1.50 2 .50  3 .50  4 .50
NaCI Molality (m oles /K g  water)























0 . 0 0 1 0 - 5.03m
0.0000
200  4 0 0  600  8 0 0  1000  1200 1400  1600
P re ssu re  (a tm )
F igure 5-9 C om parison  o f m e th an e  so lubility  in low and  high sa lt co n ten t brine 
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Figure 5-10 Comparison o f methane solubility in 0.89m brine at low temperature 
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Figure 5-11 Comparison of methane solubility at low temperatures and pressures 
in 0.89m  brine solution
have hidden the minimum predicted by the correlation in Figure 5-7.
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T h e sa ltin g -o u t effect defined by equations 1-1 an d  1-2 can be ca lcu la ted  from  our 
m odel. T ab le  5-5 lists som e of the  resu lts of these calcu lations. T he sa ltin g -o u t coefficient is 
only a weak function  of the  sa lt co n ten t, as shown by the  case o f T =  298 K, P =  200 a tm , and  
a  m o la lity  change from  0.4 to  4.0. T he I<a values pred icted  do n o t change m uch. B u t the  K a 
values show a  m o d era te  dependence on pressure. For instance, a t  T =  373 K, m =  2.0, K a 
change from  0.1107 to  0.09445 when pressure increases from  200 to  1500 a tm . T h is is a  change 
of 15% over the  pressure range. Previously , Coco and Johnson  (1981) trea ted  th e ir K a values 
by averag ing  over pressure. A lso, of course, the  K a value changes d ram a tica lly  w ith 
tem p era tu re . I t even goes th rough  a  m in im um  a t  ab o u t 380K. T h is w as also observed in Coco 
and  Jo h n so n ’s w ork. T hey  found th e  K s to  reach a  m in im um  value o f 0.076 a t  a round  424 K. 
Since there  w as erro r in B lo u n t’s experim en tal d a ta  (1979), th e ir conclusion m ay  be in  d o u b t. 
However, the  q u a lita tiv e  behavior of Ivs vs tem p era tu re  is confirm ed in th is  s tu d y  an d  also in
the  s tu d y  of C 0 2 in N aCl so lu tion  by Ellis and G olding (1963). F igure 5-12 p lo ts K a vs
tem p era tu re  a t  various pressures. T ab le  5-6 is a  sum m ary  of th e  reported  K a values. O ur
pred iction  of K s falls in the  m idst o f the  reported  values qu ite  well.
T iepel and  G ubbins (1972a) experim entally  stud ied  th e  v a ria tio n  of p a r tia l m olar 
volum e of so lute gases w ith sa lt concen tra tion  and  conclude th a t  for a  sa ltin g -o u t system , 
ad d in g  e lectro ly te  causes the  p a rtia l m olar volum e of the  gas to  decrease. T h is  s tu d y  also 
p red ic ts  th is  phenom enon. F igure 5-13 presents the  results.
T ab le  5-5 C alcu la ted  sa ltin g -o u t coefficient based on our m odel
T  (K) P (a tm ) m In ( f f )  * In ( f f ) K s
298 2 0 0 0.4 10.9375 11.0518 0.0497 0.12416
298 2 0 0 1 .0 10.9375 11.2196 0.1225 0.12251
298 2 0 0 2 . 0 10.9375 11.4944 0.2419 0.12094
298 2 0 0 4.0 10.9375 12.0355 0.4769 0.11922
298 600 0.4 11.6453 11.7513 0.0460 0.11507
298 600 1 .0 11.6453 11.9073 0.1138 0.11377
298 600 2 . 0 11.6453 12.1642 0.2254 0.11269
298 600 4.0 11.6453 12.6751 0.4472 0.11181
298 1 0 0 0 0.4 12.3011 12.4019 0.0438 0.10948
298 1 0 0 0 1 .0 12.3011 12.5505 0.1083 0.10832
298 1 0 0 0 2 . 0 12.3011 12.7959 0.2149 0.10746
298 1 0 0 0 4.0 12.3011 13.2863 0.4279 0.10697
324 2 0 0 2 . 0 11.2198 11.7710 0.2394 0.11968
324 600 2 . 0 11.8748 12.3901 0.2238 0.11190
324 1 0 0 0 2 . 0 12.4832 12.9753 0.2137 0.10685
324 1500 2 . 0 13.2025 13.6747 0.2051 0.10254
343 2 0 0 2 . 0 11.3053 11.8275 0.2268 0.11338
343 600 2 . 0 11.9323 12.4205 0 . 2 1 2 0 0.10600
343 1 0 0 0 2 . 0 12.5144 12.9803 0.2023 0.10117
343 1500 2 . 0 13.2025 13.6492 0.1940 0.09701
373 2 0 0 2 . 0 11.2941 11.8040 0.2215 0.11073
373 600 2 . 0 11.8884 12.3645 0.2067 0.10337
373 1 0 0 0 2 . 0 12.4374 12.8915 0.1972 0.09859
373 1500 2 . 0 13.0848 13.5197 0.1889 0.09445
398 2 0 0 2 . 0 11.1787 11.6904 0 . 2 2 2 2 0 . 1 1 1 1 0
408 2 0 0 2 . 0 1 1 . 1 1 2 1 11.6247 0.2227 0.11133
478 2 0 0 2 . 0 10.4282 10.9568 0.2296 0.11479
523 2 0 0 2 . 0 9.858 10.4582 0.2607 0.13033
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Figure 5-12 The existance of a  m inim um  salting out coefficient over the temperature 
range and the variation o f Ks with pressure at m = l  based on our model
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Table 5-6 Reported values for salting-out coefficient of CH4-NaCl pair
A uthor Ks M ethod Used
B loun t e t al. (1981) 0.1025 exp. determ ined
Susak e t al. (1980) 0.1290 assum ed
H aas (1979) 0 . 1 1 0 O ’S u llivan ’s d a ta
M orrison et al. (1952) 0.1270 exp. d a ta
Long et al. (1952) 0.167 M-L theory
M aste rton  (1970) 0.131 scaled p artic le  theory
Tiepel (1973) 0.133 p ertu rb a tio n  theory
Coco et al. (1981) 0.076 -  0.175 th erm odynam ic  correlation
T h is S tudy 0.095 -  0.14 p ertu rb a tio n  theory
correlation
K is in ( L j n o k _ V i  
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Figure 5-13 Predicted partial molar volum e of m ethane at various salt concentration
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5-4 The Effect of Other Gases on Methane Solubility in W ater And in Brine Solutions
T h e so lub ility  of C 0 2 in w ater is ab o u t 6  tim es g rea te r th a n  th a t  o f m ethane, and 
m eth an e  so lub ility  in w ater is ab o u t tw ice th a t  of e th an e  as ind ica ted  in T ab le  5-7, w hich gives 
experim en tal so lubilities for th e  pure gases in w ater. How will the  presence of C 0 2 or C 2H 6 
(which are  alw ays presen t to  som e ex ten t) affect th e  so lub ility  o f m eth an e  in underground 
brine so lu tions ? In th is  section, we address th is  question . W e will exam ine the  change o f the  
th erm odynam ic  properties th a t  tak e  place both  in th e  gas phase an d  liquid phase upon adding  
an o th e r gas com ponent to  the system .
5-4-1 C H 4/  C 2H 6 /  I I20  /  NaCl System
Based on our calcu lated  resu lts, th e  presence o f e th an e  in a  b rine so lu tion  alw ays 
sa lts-o u t m ethane. T h e  curves in F igure 5-14 show the  results o f our m odel p red ictions for 
to ta l gas dissolved, m e th an e  so lubility , and  e thane  so lubility  as a function  o f e thane  con ten t of 
the  dissolved gas. At low e thane  m ole fraction , the  to ta l gas so lub ility  approaches th a t  of pure 
m eth an e  so lubility  in brine, while a t  the  o ther ex trem e, it reaches the  pure e thane  so lubility  in 
brine. T h is is co n tra ry  to  the  resu lts  of B lo u n t’s experim ents. He found th a t  as th e  e thane  
co n ten t o f the  solu te is increased from  zero, e thane  a t  first sa lts  m eth an e  in to  so lu tion , while 
above 6  to  8  m ole percent e thane  in  the dissolved gas in so lu tion , m e th an e  is sa lted  o u t by 
e thane . B lo u n t’s d a ta  are  also show n in F igure 5-14. His d a ta  for e th an e  agree well w ith  our 
calcu lated  e th an e  curve th ro u g h o u t his experim ental range. For m ethane , there  is good 
agreem ent only a t  very low e th an e  con ten t an d  also when e th an e  co n ten t exceeds 15 mole 
percen t. No experim en ta l d a ta  are availab le  for com parison  a t  higher e thane  concen tra tions for 
th is  tim e. Since all the  p aram eters  we used to  m ake our calcu lation  in th is  system  are  based 
on th e  results we ob ta ined  from  param ete r fittin g  a t  o th e r system  conditions from
Table 5-7 Experimental gas solubility data of C 0 2, C 2H6 , and CH4 in water
T  ( K) P  (a tm  ) X ^  X ^  X C 2 H 6
411 242 0.00301 (a) 0.0015 (b)
423 197 0.0215 (c) 0.00300 (d)
473 493 0.047 (c) 0.00896 (d) 0.005 (e)
(a) C ulberson an d  M cK etta  (1950)
(b) C ulberson and  M cK etta  (1949)
(c) T akenouchi and  K ennedy (1964)
(d) S u ltanov  et al. (1972)
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Figure 5-14 The effect o f C 2H6 on the m ethane solubility in brine solution at 
different dissolved gas ratio
experim ental d a ta  of various au th o rs , we consider the  resu lts o f the  calcu lated  predictions m ade 
here to  be successful. T hey  m ay certa in ly  be im proved should m ore experim en tal d a ta  on 
e th an e-m eth an e  m ix tu res becom e available.
T h e  d iscrepancy betw een pred icted  and  experim ental m eth an e  so lub ility  w here e thane  
is 6  - 8  m ole percent o f th e  dissolved gas is a  fu n d am en ta l one w hich can no t be resolved by 
b e tte r  p a ram ete r f ittin g  of our m odel. In  order to  sa lt in m eth an e  while add ing  e thane  to  the 
system , th ere  e ither m ust be som e o ther m olecular a ttra c tiv e  forces betw een m ethane  and 
e th an e  n o t accounted  for in our m odel or else the presence of the  e thane  m ust som ehow  m ake 
the  env irom ent (solvent) m ore su itab le  to  dissolve m ethane. T h e  first possib ility  seems very 
unlikely because no such a ttra c tiv e  force can be identified an d  even if there  is one, the
a ttra c tiv e  force would be p roportiona l to  the  e thane  mole frac tion  in the  dissolved gas and  thus
m ake the  m e th an e  becom e salted-in  even m ore as the  e thane  co n ten t increased. Therefore, the 
second possib ility  w ould seem to  be the  m ore likely one. W e really  can no t say m uch ab o u t 
th e  second possib ility  except th a t  we know o f a  som ew hat sim ilar unusual behavior of aqueous 
so lu tions th a t  has been observed an d  is generally referred to  as ‘hydrophobic in te rac tio n ’,
which gives a  favorab le  free energy for increased solubility  (O ’Connell 1987) only a t  low
concen tra tions. A ccording to  th is  theory , it  is possible th a t  tw o gases dissolved in w ater will 
cause a  ‘sa ltin g -in ’ behavior for each o ther a t  low concentrations. T h e  hydrophobic  in te rac tion  
itse lf is a  broad  a rea  of research an d  was no t originally  in tended  to  be included in th is  s tudy . 
B lo u n t’s experim en ta l d a ta  alone are  no t sufficient to  draw  a  defin ite  conclusion th a t  th is 
behavior ac tu a lly  exists in th is  system .
T ab le  5-8 lists th e  calcu la ted  results o f im portance  for th is  system . T h e  ap p a ren t 
ideal so lu tion  fugacity  of m eth an e  decreases less th an  8 % from  no e thane  presen t to  99% 
e thane  in th e  dissolved gas in liquid , bu t the  ra tio  o f the  ap p a ren t ideal so lu tion  fugacities of
T ab le  5-8 C alcu lated  vapor and  liquid phase therm odynam ic  properties for 
C 2 H 6 /C H 4 / H 20 /N a C l  system  a t  423 K, 1530 a tm  and  1.83m.
a c , h 6
x c h 4
x c h 4 X C 2 H 6
v




f C 2 H 6
0 0 . 0 0 6 2 0 0 . 9 6 5 5 0.0000 2 . 0 6 8 4 9 4 3 4 7
0 . 0 0 9 0 1 0 . 0 0 6 0 5 . 4 1 E - 5 0 . 9 4 0 2 0 . 0 2 4 3 2 . 0 7 0 1 . 7 5 2 4 9 3 4 6 5 1 1 9 9 0 0 1
0 . 0 1 1 2 1 0 . 0 0 6 0 6 . 7 3 E - 5 0 . 9 3 4 1 0 . 0 3 0 1 2 . 0 7 1 1 . 7 4 9 4 9 3 2 5 3 1 1 9 7 8 0 3
0 . 0 3 9 9 2 0 . 0 0 5 6 2 . 2 4 E - 4 0 . 8 6 0 5 0 . 1 0 0 8 2 . 0 8 0 1 . 7 1 9 4 9 0 6 7 6 1 1 8 9 4 4 8
0 . 0 4 7 1 3 0 . 0 0 5 5 2 . 5 9 E - 4 0 . 8 4 3 4 0 . 1 1 7 1 2 . 0 8 3 1 . 7 1 3 4 9 0 0 7 6 1 1 8 7 0 7 1
0 . 0 8 5 4 7 0 . 0 0 5 0 4 . 2 7 E - 4 0 . 7 6 1 6 0 . 1 9 5 6 2 . 0 9 8 1 . 6 8 8 4 8 7 1 6 9 1 1 7 7 6 1 3
0 . 0 9 0 9 1 0 . 0 0 5 0 4 . 4 8 E - 4 0 . 7 5 1 0 0 . 2 0 5 7 2 . 1 0 0 1 . 6 8 5 4 8 6 7 9 3 1 1 7 6 4 3 6
0 . 1 4 5 8 3 0 . 0 0 4 4 6 . 4 2 E - 4 0 . 6 5 7 9 0 . 2 9 4 9 2 . 1 2 1 1 . 6 6 4 4 8 3 4 1 1 1 1 6 5 8 9 6
0 . 1 5 8 4 2 0 . 0 0 4 3 6 . 7 3 E - 4 0 . 6 3 9 5 0 . 3 1 2 6 2 . 1 2 6 1 . 6 6 1 4 8 2 7 3 2 1 1 6 3 5 6 6
0 . 1 7 8 0 8 0 . 0 0 4 1 7 . 3 1 E - 4 0 . 6 1 3 0 0 . 3 3 7 9 2 . 1 3 3 1 . 6 5 6 4 7 8 2 6 4 1 1 4 9 6 8 7
0 . 2 0 8 3 3 0 . 0 0 3 9 8 . 1 3 E - 4 0 . 5 7 5 6 0 . 3 7 3 8 2 . 1 4 3 1 . 6 5 1 4 7 6 8 6 4 1 1 4 5 0 9 7
0 . 2 4 8 9 4 0 . 0 0 3 6 8 . 9 6 E - 4 0 . 5 3 1 7 0 . 4 1 5 8 2 . 1 5 5 1 . 6 4 5 4 7 5 2 0 0 1 1 3 9 3 8 6
0 . 5 0 0 0 0 0 . 0 0 2 6 0 . 0 0 1 2 9 0 . 3 5 9 4 0 . 5 8 1 0 2 . 2 0 8 1 . 6 3 3 4 7 1 8 3 1 1 1 2 8 0 4 9
2 . 0 0 0 0 0 . 0 0 0 9 2 0 . 0 0 1 8 5 0 . 1 2 1 7 0 . 8 0 9 0 2 . 2 9 1 1 . 6 3 5 4 6 1 5 7 2 1 0 9 4 7 1 0
1 0 . 0 0 0 0 . 0 0 0 2 1 0 . 0 0 2 0 9 0 . 0 2 6 8 0 . 9 0 0 1 2 . 3 2 6 1 . 6 4 0 4 5 7 1 8 7 1 0 8 0 5 7 1
5 0 . 0 0 0 0 . 0 0 0 0 4 0 . 0 0 2 1 5 0 . 0 0 5 5 0 . 9 2 0 6 2 . 3 3 4 1 . 6 4 1 4 5 6 1 7 5 1 0 7 7 3 3 4
1 0 0 . 0 0 0 . 0 0 0 0 2 0 . 0 0 2 1 5 0 . 0 0 2 7 0 . 9 2 3 2 2 . 3 3 5 1 . 6 4 2 4 5 6 0 4 5 1 0 7 7 3 3 4
2 0 0 . 0 0 0 . 0 0 0 0 1 0 . 0 0 2 1 6 0 . 0 0 1 4 0 . 9 2 4 5 2 . 3 3 5 1 . 6 4 2 4 5 5 9 7 9 1 0 7 7 3 3 4
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m ethane  to  e th an e  rem ains v irtu a lly  con stan t. T h e  fugacity  coefficients in th e  gas phase do 
no t vary too  m uch either an d  the ra tio  o f the  tw o rem ain  alm ost fixed. If we rearrange the 
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4>4 =  constan t
(5-2)
T h is expression tells us th a t  the  re la tive  v o la tility  of C H 4 to  C 2H 6 in w ater a t  423 K is 
app rox im ate ly  co n stan t over the  en tire  com position range an d  is app ro x im ate ly  0.35 as shown 
in F igure 5-15. T h is is, o f course, a  reversal of the  re la tive  vo la tilities  th a t  m ethane and 
ethane  exh ib it in hydrocarbons. P resum ably , th is  reflects th e  d ifferent net a ttra c tiv e  forces 
betw een w ater and  these tw o com ponents, and  it  is p red icted  very nicely by  our m odel.
5-4-2 C 0 2 /  C H 4 /  I I20  /  N aCl System
Before we proceeded to  use our m odel to  ca lcu late  m e th an e  solubilities for th is  system , 
we needed to  decide w hether the  ionic reaction betw een C 0 2 an d  H 20  is im p o rta n t. Recall the 
equation  in 3-95 :
m „ =
2  m ’
K I f j  +  2 m A +
\
(3-95)











Calculated Results at The Conditions 
of Blount's Liquid Phase Data
30
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XCH4 /  XC2H6
Figure 5-15 The ratio o f m ethane to ethane in the vapor phase predicted by
our m odel at B lount’s experim ental condition of 1530 atm , 423 K, 
and salt m olality o f 1.83
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T he equ ilib rium  constant, was found to  be 0.179 x 10" 6  m o le / K g-w ater a t  423 K based on a
correlation  of equation  3-94 by E dw ard , e t al. (1978). T h is  value was used to  calcu late  the
B urm ak ibn , et al. (1982) found th a t  a t  room  tem p era tu re , only 0.0005 o f th e  C 0 2 in N aCl 
brine  so lu tion  is p resen t as H 2 CC>5".
F igure 5-16 com pares our predicted  curves of gas solubilities vs C 0 2 con ten t of the  
dissolved gas w ith  B lo u n t’s experim en ta l d a ta  for the  C 0 2 /C H 4 / H 20 /N a C l  system . T he 
agreem ent is very good up to  60 percent of C 0 2 in to ta l dissolved gas a t  the  tw o experim ental 
pressures of 1530 and 8 8 6  a tm , a sa lt m o la lity  o f 1.82m, an d  a t  tem p era tu re  of 423 K. T he 
dev ia tions of the  experim en ta l d a ta  from  the  pred icted  curves a t  C 0 2 co n ten ts betw een 10% to 
30% w as explained  by B loun t e t al. (as for the  e th an e-m eth an e  system  in th e  previous section) 
as an  in itia l increase in m eth an e  so lub ility  due to  the  presence o f th e  o ther gas followed by a 
d ro p  in m e th an e  so lub ility  as the percentage of the  o ther gas increased fu rth er. O ur model 
again  does no t p red ict th is  phenom enon. Since the  phenom ena is qu ite  unusual, and  the  few 
d a ta  p o in ts  of B lount et al. are  n o t yet confirm ed by o th e r investiga to rs, we believe it is 
possible th a t  th e  dev ia tion  of the d a ta  po in ts from  our p red icted  curve a round  10 to  30 C 0 2 
percentage are due m ore to  experim en tal error th a n  a  sa lting-in  effect. A m ore significant 
d isagreem ent betw een B lo u n t’s d a ta  and our pred ictions is show n in F igure 5-17. Here we see 
th a t  for P = 1530  a tm , T = 4 2 3  Iv, and  sa lt m o la lity  = 0 .89  a t  low C 0 2 concen tra tions, our 
pred ic tions agree well w ith  his d a ta , despite  the  fact th a t  som e of the  d a ta  show a  slight 
sa lting -in  effect of C 0 2 on m ethane , b u t a t  high C 0 2 concen tra tions (80% ), our p red ictions of 
to ta l gas dissolved and  of m eth an e  so lub ility  are a lm o st tw ice those o f B lo u n t’s d a ta . 
In te rp o la tio n  suggests th a t  we would expect th a t  a t  60% C 0 2, our pred iction  would be abou t 
1.9 tim es higher th an  his d a ta . B u t we found in F igure 5-16, our pred ictions for th is  C 0 2
dissociation  ra tio  a t  d ifferent Iv values as shown in T ab le  5-9. F ro m  th is  tab le , we
conclude th a t  it  is no t im p o rta n t to  consider the  association effect of C 0 2 in  th is  s tudy .
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T ab le  5-9 R atio  of undissociated  C 0 2 to  the  to ta l am o u n t of C 0 2 in w ater a t  423 K 
and  a t different f 7 a  / 7  J values
7 a  h 2±  K (  7 a  h \  )  m a / m A
0 .0 00 1  0 . 1 7 9 x  10‘ 10 1
1 0 . 1 7 9 x  1 0 '6 1
50  0 .8 7 7  x  1 0 '5 0 .9 9 7
50 0  0 . 8 9 3 x  1 0 '4 0 .991
20 0 0  0 . 3 5 8 x  10*3 0 .98 1
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Figure 5-16 Predicted m ethane solubility and total gas dissolved in 1.82m NaCl 
solution at two different pressure and various C 0 2 percentage 
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Figure 5-17 Comparison of predicted methane and total gas dissolved in 0.8898m  
NaCl soluition with Blount’s experimental data at various C 0 2 
percentage in the dissolved gas
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co n ten t agreed well w ith his experim en tal d a ta  for 1.82 sa lt m ola lity . A lthough  no t conclusive, 
th is  suggests to  us th a t  the  experim enta l data, are no t consisten t. F u rtherm ore , as the  to ta l 
dissolved gas concen tration  approaches the sa tu ra tio n  concen tra tion  for C 0 2, which is over 6 
tim es g rea ter th an  th e  so lub ility  o f m eth an e  (T ab le  5-7), our p red iction  show s a  gradual 
sm ooth  app roach  to  the  final so lub ility  while B lount e t a l., based on h is d a ta  a t  80% C 0 2 
co n ten t, argued th a t  there  m u st be a  sh arp  upw ard  inflection in the  to ta l gas curve in the 
region of 90 to  95 m ole percent C 0 2. U nfortunate ly , B lount e t al. had  no d a ta  in th is  region 
to  su p p o rt th is  s ta tem en t.
T ab le  5-10 lists calcu lated  results for T =  423 K, P =  874 a tm  an d  a  sa lt m olality  =
0.8898. T h e  sam e conclusions concerning th e  constancy of the  ra tio s of ap p a ren t ideal solution 
fugacities, th e  fugacity  coefficients, and  the  relative vo latilities o f th e  tw o com ponents can be 
d raw n as in the previous section for the  m ethane-e thane  system . F igure 5-18 shows the  slope 
of ( y Ch 4 / y Cq , )  v s- (^ C H 4 / ^ c o , )  *s 8*8  wh ich, of course, reflects the  higher solubility  
of C 0 2 com pared  to  th a t  of m ethane.
A n im p o rta n t conclusion concerning th e  effect o f a  second gas on m eth an e  solubility  
can be d raw n based on the  m odel-pred icted  constancy of the  ra tio s of th e  fugacity  coefficients 
and  the  ap p a ren t ideal solu tion  fugacities. F irst, sim plified m olecular considerations suggest 
th a t  if th e  concen tra tion  o f a  second gas in the liquid phase is low enough, it should  n o t affect 
appreciab ly  the escaping tendency o f th e  m eth an e  as m easured by its  ap p a re n t ideal solu tion 
fugacity . Also, in the  vapor phase, th e  fugacity  coefficient of the  m eth an e  m ay  be only slightly  
affected by a  second gas a t  all concen tra tions. W hen th is is tru e , th e  effect o f a  second gas on 
m eth an e  solubility  could only be from  its d iluen t effect in th e  vapor, low ering the 
concen tra tion  of the  m ethane, an d  hence the  so lubility  o f the  m ethane  proportionally . T he 
results of T ab les 5-8 and  5-10 have show n th a t  th e  ra tio s of the  fugacity  coefficient, the
fO t
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Calculated vapor and liquid phase thermodynamic properties for
C 0 2/C H 4/I I 20 /N aC l system at 423 Iv, 874 atm  and 0.89 m
x c h 4 X C 0 2 v1 c h 4 y Co 2 ^ C H 4 4> c o 2
f  o i
c h 4
0 .0 0 6 0 0 0 .0 0 0 1 0 0 .9 5 7 5 0 .0 0 1 2 1 .327 0 .8 3 1 1 8 8 4 6 4
0 .0 0 5 8 0 0 .0 0 0 8 7 0 .9 4 3 3 0 .0 1 4 9 1 .317 0 .8 2 5 1 87 17 0
0 .0 0 5 7 1 0 .0 0 1 4 3 0 .9 3 3 4 0 .0 2 4 5 1 .318 0 .8 2 4 188401
0 .0 0 5 5 7 0 .0 0 2 2 3 0 .9 1 8 9 0 .0 3 8 6 1 .318 0 .8 2 2 1 90 19 5
0.0049.3 0 .0 0 5 9 2 0 .84 86 0 .1 0 6 8 1 .322 0 .8 1 3 1 98 82 2
0 .0 0 4 5 5 0 .0 0 8 1 9 0 .8 0 2 4 0 .1 5 1 5 1 .326 0 .8 0 7 2 0 4 4 2 0
0 .0 0 4 2 0 0 .0 1 0 5 0 0 .7541 0 .1 9 8 2 1 .338 0 .8 0 4 2 1 2 7 9 8
0 .0 0 4 0 0 0 .0 1 1 9 0 0 .7 2 3 6 0 .2 2 7 5 1 .343 0 .8 01 2 1 7 2 0 3
0 .0 0 3 7 0 0 .0 1 3 3 0 0 .69 23 0 .2 5 7 6 1 .347 0 .7 9 8 2 2 1 0 6 6
0 .0 0 3 4 0 0 .0 1 5 0 0 0 .6 4 6 9 * 0 .3 0 1 0 1 .344 0 .78 9 2 2 2 9 6 9
0 .0 0 2 9 6 0 .0 1 7 7 6 0 .5 7 6 7 0 .3 6 7 9 1 .356 0 .781 2 3 0 8 8 4
0 .0 0 2 3 7 0 .0 2 1 3 7 0 .4 7 70 0 .4621 1 .379 0 .771 2 4 2 0 8 8
0 .0 0 1 8 8 0 .0 2 4 4 3 0 .3 8 5 6 0 .5 4 7 6 1 .406 0 .7 6 4 2 5 2 2 4 8
0 .0 0 1 6 2 0 .0 2 6 0 0 0 .3 36 3 0 .5 9 3 3 1 .425 0 .7 6 2 2 5 7 6 9 4
0 .0 0 1 3 8 0 .0 2 7 5 3 0 .2 8 6 7 0 .6 3 8 9 1 .446 0 .7 5 9 2 6 3 1 7 6
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XCH4 /  XC02
Figure 5-18 The ratio o f CH4 to C 0 2 in the vapor and phase predicted by our 
model at B lount’s experim ental condition o f 874 atm , 423 K, and a 
salt content of 0.89m
ap p a ren t ideal so lu tion  fugacity , an d  the relative v o la tility  o f the  tw o gases were indeed 
essentially  co nstan t over the  range o f realizable vapor and  liquid com positions. T h is  suggests 
strongly  th a t the  sim plifying assum ptions sta ted  above do app rox im ate ly  hold tru e  when the 
second gas is C 2 H 6 or C 0 2. These sim plifications also m ake it  d ifficult to  ju s tify  the  salting-in  
effect reported  by th e  experim ental resu lts of B lount e t al..
5-5 S um m ary
W e have presented our pred ictions of m eth an e  so lubility  in th is  chap ter. F rom  the 
com parisons bo th  w ith  o ther correlations and  availab le  experim en tal d a ta , we considered our 
m odel to  be successful b o th  in its global n a tu re  to  represent gas solubilities a t geopressured 
conditions over a  broad  range of tem p era tu re , pressure, sa lt co n ten t, and  in its  ab ility  to 
p red ic t m eth an e  solubility  in the  presence of o ther gases using m odel p a ram ete rs  determ ined 
from  ind iv idual gas so lubility  d a ta . In ch ap te r 6 , we will p resen t our conclusions and  
recom m endations based on th is research.
Chapter 6
Conclusions and Recommendations
In th is  research, we set o u t to  develop a  global m odel to  pred ict m eth an e  solubility  
in geopressured reservoirs know ing th e  tem p era tu re , pressure, an d  sa lin ity  o f th e  system  ( when 
o th e r gases are  presen t, the  expected  ra tios of each solute gas to  th e  so lu te m eth an e  gas m ust 
also be specified ). A sim plified version of the  second order L eonard-H enderson-B arker’s 
p e rtu rb a tio n  theory  was used to  calcu late  a  newly defined therm odynam ic  p ro p erty , f ? \  the 
ap p a re n t ideal solu tion  fugacity  of a  so lute gas in the  so lu tion . Using th is  q u a n tity  for each 
so lu te gas, the  vapor-liqu id  equ ilib rium  equations of the  system  can be solved by an  ite ra tion  
so lu tion  procedure to  give the  desired resu lt, a  p rediction  of m e th an e  so lubility , as well as the  
com position  of th e  equilib rium  vapor phase. W e have d em o n stra ted  w hy and  how the 
sim plified m odel was m odified by in troducing  a  tem p era tu re  dependence for th e  L-J cr 
p a ram e te r for w ater and  the  m odified m odel was then  fit to  all th e  experim ental so lubility  
d a ta  availab le  a t  various system  conditions. By choosing values for the  cr pa ram ete rs  of each 
com ponen t w ith in  the  ranges reported  in the  lite ra tu re , the  resu lting  m odel gives excellent 
ag reem ent w ith  o ther therm odynam ics properties, such as the  p a rtia l m olar volum e an d  the  
iso therm al com pressib ility  of the  p a r tia l m olar volum e , V,- and  /?,■ of so lute gases.
T he developm ent of th e  concept o f an  ap p a ren t ideal so lu tion  fugacity  of pure 
com ponen t i, f ° ' ,  which is equ ivalen t to  the  p roduc t of H enry’s co n stan t and  its  corresponding 
ac tiv ity  coefficient ( 11° ), enabled  us to  tre a t gas so lubility  in a  m u lticom ponen t system  in a
stra ig h t-fo rw ard  m anner. T here w as no ad v an tag e  in re ta in ing  th e  concept of H enry’s co nstan t 
a t  in fin ite  d ilu tion  ( developed for b in ary  system s ) corrected for a  com position effect th rough  a 
M argules or o ther type of ac tiv ity  coefficient m odel, because the  H enry’s co n stan t itse lf is
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com position dependen t in m u lticom ponen t system s. T he ap p a ren t ideal so lu tion  fugacity  of 
pure com ponent i is itse lf the  single m easure of the  effect o f in term olecu lar forces betw een the 
solu te i m olecules and  all the  o th e r com ponents and hence is a  function  also of the 
concentration  (m olecular density ) of each ind iv idual com ponent in the  liquid phase. 
E xperim en ta l d a ta  on to ta l gas-free solu tion  density  were needed and  were co rrela ted  in to  a  
function  of tem p era tu re  and  sa lin ity  for th is system . T he ap p a ren t ideal so lu tion  fugacity  a t  a 
to ta l pressure equal to  the  vapor pressure of the  solvent, using a  low pressure solu tion  density , 
was then  corrected to  high pressure values th rough  a  K richevsky-Illinskaya type of equation . 
T he required  p a rtia l m olar volum e of the  solute gas and  its  coefficient of iso therm al 
com pressib ility  were self-generated th rough  the p e rtu rb a tio n  approach . A lthough it was not 
done in th is  work, a  final correction to  the  to ta l so lution density  based on the p a rtia l m olar 
volum es of each solute gas could be included in the  calculation procedure should solu te gas 
concen tra tions be high enough to  w a rra n t it.
T he effect of pressure on m eth an e  so lubility  was checked bo th  by com parison w ith  
experim en tal so lubility  d a ta  and  also by com parison of the  corresponding predicted  partia l 
m olar volum e o f the  solute gas w ith  experim ental d a ta . A greem ent in b o th  cases indicates 
th a t  our m odel is qu ite  valid from  10 to  2000 a tm . T he pred icted  coefficient o f iso therm al 
com pressib ility  of the  p a rtia l m o lar volum e of the  solute gas is o f the  rig h t o rder of m agn itude  
com pared  w ith o ther reported  values. O ur calcu lations also reveal th a t  the  effect of varia tion  
o f p a rtia l m olar volum e w ith pressure on the  m ethane solubility  can no t be neglected when the 
pressure exceeds ab o u t 1500 a tm .
A very in teresting  fea tu re  o f our m odel is th a t it successfully pred icts a  m in im um  
m ethane  so lubility  a round  344 Iv, in good agreem ent w ith availab le  d a ta . T he corresponding 
a p p a ren t ideal so lution fugacity  also shows a  m ax im um  a t th a t  tem p era tu re . E xperim en tal
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solubility data agree well with our predictions all the way from 298 to 573 K.
T he sa ltin g -o u t effect is accurately  predicted by our m odel. O ur m odel fits  B lo u n t’s 
experim en tal d a ta  b e tte r  th an  the  previous co rrela tion  of Coco and  Johnson  an d  o ther au tho rs, 
all of which used a  sa ltin g -o u t coefficient th a t  had to  be em pirically  co rrelated  for T , P , and 
sa lt con ten t. S a lting -ou t coefficients back-calcu lated  from  our m odel-pred icted  solubilities 
varied bo th  w ith  tem p era tu re  an d  pressure b u t rem ained  re la tively  fixed for d ifferent salt 
concen tra tions. T hese sa lting -ou t coefficient also show a  m in im u m  a t  a round  380 K, in  good 
agreem ent w ith  o th e r reported  values.
O ur m odel produced the  low est dev iation  in te rm s of RM SD  am ong  all the correlations 
developed to  d a te  for the  system  of m ethane in pure w ater as well as for m e th an e  in N aCl 
brine so lu tions (Larsen and  P ra u sn itz ’s work on pure w ater no t included in  the  com parison 
because of lack of availab le  results). I t  requires by far the  fewest p aram eters  to  be determ ined  
from  a  fit of the d a ta . T he m odel has proved to  be extrem ely  successful w hen ex tended  to  
conditions ou tside those for which the  param eters  were f itted . I t  also has th e  cap ab ility  of 
readily  hand ling  com ponents o ther th a n  those we have stud ied  in th is  research w ith  a  
m in im um  of new d a ta . T he effect of o ther sa lts on gas so lub ility  can be pred icted  once the 
solu tion  density  of m ixed salt so lu tions is available, and  th e  effect o f o th e r gases th a t  do not 
form  new com ponents in so lution require m erely estim ates o f L ennard-Jones p a ram ete rs  and  
ap p ro x im ate  e lec tro sta tic  p aram eters  to  produce resonably accu ra te  predictions.
W e have also fit the  so lub ility  d a ta  of e thane  an d  carbon  dioxide in  w ater and  used 
these resu lts to  p red ic t th e  effect o f o ther gas com ponents on m e th an e  so lub ility . C om parison 
of these p red ictions w ith  B lo u n t’s sparse solubility  d a ta  show s generally  acceptab le  agreem ent 
for m odera te  dissolved gas ra tio s in bo th  cases. B u t a t  very low and  high dissolved gas ratios,
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we found large discrepancies betw een the  m odel pred ictions an d  B lo u n t’s d a ta . A t presen t, no 
defin ite  conclusion can be draw n due to  lack o f sufficient experim en ta l evidence, b u t suffice it 
to  say th a t  we suspect the valid ity  of the  unusual behavior of B lo u n t’s d a ta  un til fu rth e r d a ta  
are  m ade available.
As far as our in itia l goals are  concerned, we have successfully achieved th em . T his 
ce rta in ly  does not m ean th a t  our m odel is com plete. W e realize th a t  th ere  are  s till m any 
sim plifications th a t  were m ade in the  m odel w hich ap p ro x im a te  rea lity . However, we also 
realize th a t  any  fu rth er rem oval o f these sim plifications would require a  trem endous am o u n t of 
ad d itio n a l effort. Since the  RM SD of our m odel is a lready  qu ite  sm all, it seem s unlikely th a t  
an  a tte m p t to  rem ove som e of the  sim plifications could be properly  confirm ed or rejected by 
s ta tis tic a l tests  for su b stan tia l fu rth e r im provem en t in the  g lobal fit o f th e  correlation . B ut, 
we do feel th a t the  following areas m ig h t bg considered to  ex tend  the  m odel’s ap p licab ility  and  
increase its  robustness :
(1) T h e  in term olecu lar forces included in the  pressure equa tion  (3-67) are  no t explicitly  
com plete  because only the non-polar p a r t  o f in term olecu lar forces a re  separa te ly  accoun ted  for. 
T h e  d ipole-dipole an d  dipole-charge in te rac tions are  assum ed to  be a lready  included in the  
equ ivalen t L ennard-Jones po ten tia l th a t  is being used. If  these m issing in te rac tio n s were 
included explicitly , then  the L ennard-Jones p o ten tia l p a ram ete rs  w ould have to  be m odified 
accordingly . If th is  m odification were a tte m p te d , it  w ould no t necessary have a  d irect effect on 
th e  ca lcu la tion  of the  ap p a ren t ideal so lu tion  fugacity , b u t it  w ould certa in ly  affect the 
ca lcu la ted  p a rtia l m olar volum e of th e  solu te gas. In ad d itio n , th e  cu rren t ap p ro x im atio n  m ay 
in troduce  a  bigger error as th e  sa lt concen tra tions increase. A revision o f th e  pressure equation  
to  include all the  possible in te rac tio n s m ore explic itly  is desirable, a lth o u g h  it  m ay no t im prove 
th e  global fit of the  m odel to  the  availab le  d a ta  very m uch.
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(2) T h e  so lven t concen tra tion  was assum ed to  be high enough to  m ake its  ac tiv ity  coefficient 
equal to  1. T h is a ssum ption  would need to  be m odified a t  higher sa lt concen tra tions.
(3) M ore experim enta l d a ta  are  needed to  evaluate  m ore conclusively the  effect of o ther gases 
on m eth an e  so lubility . T h e  possible hydrophobic in terac tion  o f B lo u n t’s d a ta  m ig h t lead to  
im provem ents in the  m odel if it proves to  be real.
(4) Solu tion  density  d a ta  on sa lt so lutions are needed before we can extend  our m odel 
p red ictions to  include the  effect of m ixed sa lts  on m ethane so lubility . Also, a t  p resen t, th e  cr 
pa ram ete rs  for b o th  the  anion and  the  cation  are expressed by th e  sam e factor tim es the ir 
P au ling  d iam eters . T h is could also be changed should solubility  d a ta  w ith  o th e r sa lts  be m ade 
available.
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A ppendix  A: E q u a tio n  o f  S ta te  D eveloped by  N ak am u ra  e t al.
N akam ura  et al. (1976) developed a  pertu rbed  hard  sphere equation  of s ta te  for a  gaseous 
m ix tu re  conta in ing  highly po lar m olecules such as w ater and  am m onia . T h is equation  of s ta te  
can be used to  calcu late  fugacity  coefficients for com ponents in gaseous m ix tu res  often 
encountered in chem ical technology over a  w ide tem p era tu re  range an d  for pressures up  to  
ab o u t 5000 psia. T h is equation  is expressed by:
R T  | +  £ 2 — £ 3 ________________
( 1  -  £)3 )  v (  V +  c )p  =  i r  —    I -  — — J N (A - ! )
w ith  the  reduced density  defined by :
£ =  (A -2 )
p a ram ete r b  reflects the h a rd  core size o f  the  m olecule and  a  reflects th e  s tren g th  o f a ttra c tiv e  
forces. T hey  are bo th  tem p era tu re  dependent.
a  =  a  +  (3/ T  (A-3)
log b =  -  7  -  6 T  (A-4)
w here a , (3, j ,  and  6 are em pirical co n stan ts . C  is a  sm all positive co n stan t independent 
o f tem pera tu re .
For a  m ix tu re , upon assum ing  a  one-fluid theory , th e  above co n stan ts  becom e com position 




3 M  =  E  y «' h i  ( A - 5 )
M =  E  y < c t- (A -6 )








m  =    y <  y j  a a  ( A - 7 )
w here M s tan d s  for the  m ix tu re  an d  m  is the  num ber of com ponents.
a ij  — a i j  +  P i j  /  T  (A -8 )
and
a ij  =  Q l j )  +  Q\j  ( A - 9 )
P i  j  — (A -1 0 )
C o n stan ts  a -  and  [3,■ j  reflect in term olecu lar forces o f a ttra c tio n  betw een m olecules i and  j. 
N ak am u ra  et al. proposed to  re ta in  as ad ju stab le  p a ram ete rs  to  fit b inary  d a ta  while 
fixing the  o ther p a ram ete rs  according to  the  following a rb itra ry  ru le :
(l) /  (i) (l) \ i / 2
aH =  { Qi a3 ) (A - l l )
P ??  = ( P S1} P f  )1/2 (A -1 2 )
P i ?  =  \  (  P i 0) +  p T  )  (A-13)
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T h e expression they  ob ta ined  for fugacity  coefficient of com ponent k in a  m ix tu re  is :
In <j>.
+  ( £ )
( , 1 ,  )"  + 1)
4 £ — 2  £ 2 \ 2
(> 1 ST
* CO R T V
+ a M C k 
R T V 2 ( ^  V n = l
m
£  y j  aks  
) = i
( ~ l ) n (n +  l )  
n +  2
X ( ^ L ) »M I n  | 12 In Z (A-14)
E quation  A-14 was tested  ag a in st equation  4-14 from  SR K  equation  o f s ta te  for th e  system  
C H 4 / I I 20  a t  various tem p era tu res  and  pressures. T ab le  A -l shows th e  results.
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T ab le  A -l C om parison  of p red ictions of fugacity  coefficients of SR K  and  N ak am u ra ’s equation 
of s ta te  in  C H 4 / H 20  system
T  P calcu lation  using SRK  calcu lation  using N ak am u ra
(K) (a tm ) Y C H 4  <j>E ^Q Y ^
344 22.5 .9832 .98 .857 .0004 .9845 .975 .925 .0004
344 64.2 .992 .947 .644 .0009 .9935 .933 .798 .0009
344 444 .9918 .897 .116 .0032 .9966 .827 .280 .0031
377 243 .9831 .935 .320 .0026 .9874 .882 .507 .0025
377 672 .9813 1.085 .135 .0045 .9911 .993 .284 .0044
411 670 .9639 1.15 .198 .0057 .9791 1.052 .343 .0055
444 176 .9155 1.003 .565 .0035 .931 .962 .693 .0034
444 680 .9367 1.208 .256 .0079 .9581 1.103 .380 .0076
479 51 .6138 1.018 .832 .0013 .6361 1 .0 0 1 .883 .0013
479 290 .8676 1.061 .482 .0070 .8939 .997 .602 .0068
479 1286 .9106 1.783 .270 .0145 .9333 1.311 .383 .0139
494 363 .8441 1.104 .447 .0094 .8755 1.026 .560 .0092
494 620 .8645 1.235 .344 .0127 .8965 1.127 .450 . 0 1 2 2
A ppendix  B: O rien ta tion-averaged  M olecular In te rac tio n  
T he p o ten tia l energy of tw o perm anen t dipoles i an d  j  can be expressed as (P rausn itz ,
1969) :
y i j  =  ~ ^ r g  (A-15) (A -15)r
w ith  g =  sin 9{ sin 0 • cos 4’i j  ~  2 cos 9{ cos 9 j  (A-16)
w here the  angle 9 and  ip g iye the  o rien ta tions of th e  dipole axes as show n below:
+ e + e
-e
T h e  average po ten tia l energy V,- ■ betw een tw o dipoles is found by averag ing  over all 
o rien ta tio n  w ith  each o rien ta tio n  w eighted according to  th e  follow ing eq u a tio n  by Row linson 
(1958):
T_ ,  /  exp { — /K T  ) d fi
v »j =  ~ K T  111---------------- J - J q ----------------  (A-17)
W here df2 is the  elem ent of the  solid angle :
d f i =  sin 9j sin 9j  d 9i <19j  d 4’i j  (A-18)
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w ith 0 i and  0j  vary ing  from  0  to  7r rad . and  i/>, j  from  0  to  2 tt rad ., th e  exponentia l function in 
A-17 is expanded  in to  in fin ite  series. W hen the  tem p era tu re  is n o t too  low, th is series 
converges rap id ly . Therefore ,
_ ............
/
=  — K T  In
' d fi
=  - K T  In (  1 +  -l j  f t  ^  +  
V 3 r6
(Ij s '  (A-19)
3K T r
Appendix C : Potential Energy for W ater Molecule
T he po ten tia l energy for w ater m olecule can be expressed as the  sum  of non-polar an d  polar 
p o ten tia l. T he non-polar p a r t is expressed by L ennard-Jones p o ten tia l an d  the  po lar p a r t by 
th e  D ipole-D ipole in te rac tion  as in equation  A-19 and  th e  D ipole-Induced Dipole in terac tion .
V ,  =  * ? .  (  (  4 * ) 12 -  (  ^ ) 6  )  - - A  -  (A-20)
W e can com bine the last tw o te rm s w ith the  r" 6  te rm  in the  L ennard-Jones po ten tia l to  ob tain :
. =  “ ' n  (  (  4 11 ) 12 -  (  ^  ) 6  )  (A-21)
w here a ll  and  e11 are related  to  a j j  an d  by:
/ _ 0  \ 6
( * n ) 6  =  (A-22)
*11 =  « n  ( *  ) 2 (A-23)
w hen
5  =  1 +  ----------4  o 6  +  Q0n 6  (A-24)
12 K T  €°n  {cr°nf  4 e°n  (cr°n f
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Appendix D : Computer Program
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* * * * * * *  PURPOSE OF EACH SUBROUTINE AND ENTRY * * * * * * * * * * * * *
MAIN MAIN PROGRAM TO CALCULATE GAS SOLUBILITY
USER SUBROUTINE TO PROVIDE SYSTEM INFORMATION
ANION INFORMATION ABOUT ANION
CATION INFORMATION ABOUT CATION
DENSE PROVIDE SOLUTE GAS FREE SOLUTION DENSITY
DGAS INFORMATION ABOUT OTHER DISSOCIATED GASES
PHIINT IN IT IA L  GUESS OF FUGACITY COEFFICIENT
RATIO PROVIDE INFORMATION ABOUT DISOLVED GAS RATIO
SALINE PROVIDE INFORMATION ABOUT SALT MOLALITY
SOLVEN PROVIDE INFORMATION ABOUT SOLVENT OTHER THAN WATER
VNGAS INFORMATION ABOUT OTHER NON-DISSOCIATED GAS SOLUTE
TIEPEL SUBROUTINE TO CALC. APPARENT IDEAL SOLUTION FUGACITY 
AISF CALCULATE APPARENT IDEAL SOLUTION FUGACITY
DIAT CALCULATE DIAMETER OF EACH PARTICLE
TSAI CALCULATE REDUCED DENSITY AS IN EQN. (3 -4 3 )
SOFT CALCULATE SOFT SPHERE CHEMICAL POTENTIAL
UHARD CALCULATE HARD SPHERE CHEMICAL POTENTIAL
SRK SUBROUTINE TO CALCULATE VAPOR PHASE PROPERTIES
POYN CALC. POYNTING FACTOR OF SOLVENT
SATP CALC. SATURATION PRESSURE OF PURE SOLVENT
SRKPS CALC. FUGACITY COEFF. OF PURE SOLVENT AT SAT. PRES.
SRKM CALC. FUGACITY COEFF. OF I IN MIXTURE BY SRK E.O.S.
ITER SUBROUTINE TO PERFORM ITERATION
NORMI NORMALIZE VAPOR PHASE MOLE FRACTION
NORM2 ADJUST GAS SOLUBILITY BY SECANT METHOD
NORM3 ADJUST FUGACITY COEFFICIENT BY SECENT METHOD
SOLVE SOLVE FOR VAPOR AND LIQUID PHASE MOLE FRACTION
START1 CALC. IN IT IA L MOLECULAR DENSITY OF EACH COMPONENT
POTEN EVALUATE POTENTIAL ENERGY
OUTPUT USER PROVIDE FORMAT TO OUTPUT RESULTS
* * * * * * * * * * * * * * *  KEY VARIABLE DEFINITION * * * * * * * * * * * * * * * *
AM MOLALITY
BE ISOTHERMAL COMPRESSIBILITY OF PARTIAL MOLAR VOLUME 
CA INTERACTION PARAMETER IN SRK E.O.S.
COMPY COMPRESSIBILITY DEFINED IN EQN. (3 -7 1 )
D HARD SPHERE DIAMETER
DELTAD DENSITY INCREASE DUE TO THE PRESENCE OF SALT (4 -1 9 )
DIPOLM DIPOLE MEMENT
DPMVDV DEFINED AS EQN. (3 -7 8 )
DXHSDV DEFINED AS EQN. (3 -7 9 )
DSOL DENSITY OF PURE SOLVENT (4 -1 7 )
DUDA AS DEFINED IN EQN. (3 -5 9 )
EPSI ENERGY PARAMETER IN L-J POTENTIAL
FIRST AS DEFINED IN EQN. (3 -5 7 )
H APPARENT IDEAL SOLUTION FUGACITY
HK BOLTZMANN CONSTANT
HP2 NAMIOT'S CORRECTION
PHIN NEWLY CALCULATED VALUE OF FUGACITY COEFFICIENT
PHIO IN IT IAL VALUE OF FUGACITY COEFFICIENT
PHO MOLECULES PER CUBIC CENTIMETER
PHP POYNTING FACTOR
PHS FUGACITY COEFFICIENT AT SATURATION PRESSURE
PMV PARTIAL MOLAR VOLUME (3 -7 5 )
POLAR POLARIZABILITY
PS SATURATION PRESSURE OF SOLVENT
Q QUADRUPOLE MOMENT
R DISSOLVED GAS RATIO
R1 ACTIVITY COEFFICIENT OF WATER
SEC AS DEFINED IN EQN. (3 -5 8 )
SIGMA DISTANCE PARAMETER OF L-J POTENTIAL
UHKT DEFINED AS EQN. (3 -4 1 )
VHS DEFINED AS EQN. (3 -7 3 )
WEAG REDUCED DENSITY AS IN EQN. 3-43
XF LIQUID PHASE MOLE FRACTION
XHS DEFINED AS EQN. (3 -6 9 )
XP DEFINED AS EQN. (3 -7 0 )



















CC SAMPLE USER INPUT IS SHOWN AS FOLLOW
CC COMPONENT CLASSIFICATION IS SHOWN IN TABLE 3-1
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBROUTINE USER
rt * * * * * ** rt rt rt rtrtrt rt rtrt * * rtrt rt * * * * *  ye * rt rtrt * * * * * * *  rtrt * * * *  Ilf* * * * * * * *  rtrt * * * * * *  if rtrt rtrt *
IMPLICIT REAL *8(A-H, 0-Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),C0MP(18), TC(7), PC(7), RELAX(7),
1 T R (7 ) , PR(7), PH0(18), BASE(7) 
C0MM0N/SYS1/S(18),D(18),DS0LN,T,P,AM,R1,I1,I2,I3,N1 
COMMON /PARA1/ SIGMA(18 ,18 ),  EPSK(18 ,18 ) ,  0MEGA(7),T0L4,
1 P0LAR(1 8 ) ,DIP0LM(2)
COMMON /VAR2/ T0L1, T0L2, T0L3, HK,DL0W,ITERA1, ITERA2, ITERA3 
COMMON /VAR1/ Y ( 7 ) , XF(1 8 ) ,PHIN(7), P H I0 (7 ) , A, H (7 ) ,  TOTY,ITMAX 
COMMON /VAR3/ PS(7),PHP(2),PHS(2),ZC(2),ADEN(2),BDEN(2),CA(7,7) 








C0MP(1 1 )= .TRUE.
BASE(3)=.TRUE.
Nl=3
X(N1 ) = # m  
RETURN
ENTRY DENSE
SOME CORRELATION FORMULA FOR THE SOLUTION DENSITY
DT=647.11D0-T
DS0L=(1 .D0+0. 1342489D0* D T **(1 . / 3 . ) - 3 . 946263D-3*DT)
1 /  (3 .1975D 0-0 .3151548D0*D T**( l./3 .)-1 .203374D -3*D T
1 + 7 . 48908D-13*DT**4)
IF (T .GE. 348.0) GO TO 71 
TK=T-273.15D0
DELTAD=(4 5 .5655D0*AM -O.2341D0* AM* TK +3.4128D-3* AM* TK*TK 
1 -2.703D-5 *AM*TK**3 +1 .4037D-7*AM*TK**4
1 -1.8527D0*AM**1.5 +5.3956D-2*AM**1.5*TK -6.2635D-4*AM**1.5
1 *TK*TK -1.6368D0 *AM**2 -9.5653D-4*AM**2*TK +5.2829D-5*AM**2
1 *TK*TK +0.2274*AM**2.5)* 1.0D-3
. . . .  SYS TEMP IN K 
. . . .  SYS PRESSURE IN ATM 
. . . .  WATER AS SOLVENT 
. . . .  CH4 AND C2H6 DISSOLVED IN 
SOLUTION 
. . . .  NACL AS SALT
. . . .  DISSOLVED GAS RATIO IS BASED ON 
CH4
. . . .  IN ITIAL GUESS OF CH4 SOLUBILITY
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DSOLN=DSOL+ DELTAD 
GO TO 711 
71 TK=T-348.
DELTAD=(4 0 .2204*AM-0.0 13548*AM* TK +1 .25326*1 .0 -3* AM* TK*TK 
1 -0 .869929*1 .D-5 *AM*TK**3 +0.352779*1.D-7*AM*TK**4 
1 - 2 . 33803*AM**1.5 -0 .240002*1 .D-2*AM**1. 5*TK-1 .8341*1 .D-4*AM**1.5 
1 *TK*TK-0. 570926*AM**2+1.04261*1.D-4*AM**2*TK+1.13663*1 .D-5 
1 *AM**2*TK*TK +0.0606576*AM**2.5)* 1.0D-3
DSOLN=DSOL+ DELTAD
C CONVERT TO (M0LECULE/CM3)
711 TOTM1=1000.DO/18.015D0 + AM*2.D0





















ADEN(2)= ! SKIP THIS SECTION IF  WATER IS














OMEGA(5)=### ! SKIP THIS SECTION IF  NO OTHER







  PROVIDE INFORMATION AS IN VNGAS
. FOR COMPONENT 7
RETURN 
ENTRY RATIO
R(4,N1)= . . . .  RATIO OF C2H6 TO CH4
RETURN
ENTRY CATION








S(8)=   MOLALITY OF NA ION










* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SUBROUTINE OUTPUT
***  * ** * it ** * ** * * * * * * * *  * * * * * *  * * * * * * * * * * * * * * *  ye * * * * * * * * *  *
IMPLICIT REAL *8 (A-H, 0 -Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),C0MP(18), TC(7), PC(7), RELAX(7),
1 TR(7), PR (7), PHO(18), BASE(7)
COMMON/SYS1/S(1 8 ) ,D (18),D S 0LN ,T ,P ,A M ,R 1 ,I1 ,I2 , I3 ,N 1  
COMMON /PARA1/ SIGMA(18 ,18 ) ,  EPSK(18,18), 0MEGA(7),T0L4,
1 POLAR(1 8 ) ,DIP0LM(2)
COMMON /VAR1/ Y (7 ) ,X F (18 ) ,  PHIN(7), PH I0(7), A, H (7 ) ,  TOTY, ITMAX 
COMMON /VAR2/ T0L1, T0L2.T0L3, HK,DL0W,ITERA1, ITERA2, ITERA3 
COMMON /VAR3/ PS(7), PHP(2), PHS(2),ZC(2),ADEN(2),BDEN(2),CA(7,7) 
COMMON /VAR4/ XINT,TOTPHO
COMMON /VAR5/ W EAG(4),UHKT(18),PIDIL(18),EPSI(18,18),VHS(7),
1 PN(1 8 ) ,VAL(1 8 ) ,DUPDV(7),PMV(7),DPMVDV(7),BE(7),HPSLN(7), HP1 (7 ) ,
1 HP2(7),HPS(7),HLN(7),F IRST(7),SEC(7),SP(18), PMVV(300)
COMMON /VAR7/DE, PNT, DID, EPNT, EDID, SDIDXP, S22XP,SXP, XP, XHS, COMPY,
1 SST,DXPDV,DXHSDV,ALKTP,SUMY,DELTAD,DS0L,C0RR2,PPS,PP,DD,DC 
COMMON /VAR9/ Q(7),QD(7),QQ(7),QC(7),PNP(7),D IDP(7),N0 
COMMON /VAR10/ QDP,QQP,QCP,SPP(7),SDID(7),SPD(7),SPQ(7),SQQ(7),
1 SQD(7),SPQD(7),SPQID(7),SQCP(7),SQQC(7)
COMMON /VAR11/ D IJ (1 8 ,1 8 ) ,DEL(1 8 ,1 8 ) ,GHS(1 8 ,1 8 ) ,DUDA1(7),DUDA2(7), 
1 DUDA(7),DGDN(18,18,7)
COMMON /VAR12/ FN(7), F 0 (7 ) ,Y N (7 ) ,Y 0 (7 )
COMMON /VAR13/PHI0T( 7 ) ,  PHIN1(7),PHIP(7)
C USER PROVIDE VARIABLE AND FORMAT
181
C




Q ** * * * * * *  * * * * * * * * * * * * * * *  * * * * * * * * *  * * * * *  * * * * * * *  * * * * * * * * * *
C
IMPLICIT REAL *8 (A-H, O-Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7 , 7 ) , COMP(18), TC(7), PC(7), RELAX(7),
1 TR (7 ) , PR(7),PH0(18), BASE(7)
COMMON/SYSl/S(1 8 ) ,D (18 ) ,D S 0L N ,T ,P ,A M ,R 1 ,I1 ,I2 , I3 ,N I 
COMMON /PARA1/ SIGMA(18 ,18 ),  EPSK(18,18), 0MEGA(7),T0L4,
1 POLAR(1 8 ) ,DIPOLM(2)
COMMON /VAR1/ Y (7 ) ,X F (18), PHIN(7), PH I0(7), A, H (7 ),  TOTY,UMAX 
COMMON /VAR2/ TOL1, TOL2,TOL3, HK,DLOW,ITERA1, ITERA2, ITERA3 
COMMON /VAR3/ PS(7),PHP(2),PHS(2),ZC(2),ADEN(2),BDEN(2),CA(7,7) 
COMMON /VAR4/ XINT,TOTPHO 
COMMON /VAR12/ FN (7), FO(7),YN(7),YO(7)
COMMON /VAR13/PHIOT( 7 ) ,  PHIN1(7),PHIP(7)




IF(.NOT. COMP(l)) CALL SOLVEN 
IF(.NOT. C0MP(5)) GO TO 100 
CALL VNGAS 
100 IF(.NOT. COMP(7 ) )  GO TO 200 
CALL DGAS 
200 CALL RATIO
IF(.NOT. COMP(IO)) GO TO 210 
CALL CATION 
210 IF(.NOT. COMP(13)) GO TO 220 
CALL ANION 
220 CALL SALINE






















IF  (.NOT. COMP(I)) GO TO 900 
E=(PHIN(I) —PHIO (I) ) /P H IO ( I )
E=ABS(E)
IF (E -TO L l)  900,900,910 
900 CONTINUE 
CALL SOLVE 
GO TO 999 
910 DO 920 1=1,7
IF  ( I I  .LE. 2) GO TO 919 
IF  (.NOT. COMP(I)) GO TO 920 
EE=(PHIOT(I)—P H IN l( I) ) /P H IO T( I )
IF  (ABS(EE) .GT. TOL2 ) GO TO 919 
920 CONTINUE 
GO TO 940 
919 CALL NORM3 
11= 11+1  
CALL SOLVE 






IF  (ABS(A)-T0L2) 930, 930, 940 




930 IF  ( ABS((XF(N1)-XINT)/XINT) .LE. TOL2) GO TO 830 
GO TO 940 









Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
IMPLICIT REAL *8 (A-H, O-Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),C0MP(18), TC(7), PC(7), RELAX(7),
1 TR(7), PR(7),PHO(18), BASE(7) 
C0MM0N/SYS1/S(18),D(18),DS0LN,T,P,AM,R1,I1,I2,I3,N1 
COMMON /PARA1/ SIGMA(18 ,18 ) ,  EPSK(18,18), 0MEGA(7),T0L4,
1 POLAR(1 8 ) ,DIP0LM(2)
COMMON /VAR2/ TOL1, TOL2, TOL3, HK,DLOW, ITERA1, ITERA2, ITERA3 
COMMON /VAR1/ Y (7 ) ,X F (18 ) ,  PHIN(7), PHIO(7), A, H (7 ),  TOTY,ITMAX 
COMMON /VAR5/ WEAG(4 ) , UHKT(1 8 ) ,P ID IL (1 8 ) ,EPSI( 1 8 ,1 8 ) ,VHS(7 ) ,
1 PN(1 8 ) ,VAL(1 8 ) ,DUPDV(7), PMV(7),DPMVDV(7),BE(7),HPSLN(7),HP1(7),
1 HP2(7),HPS(7),HLN(7), F IRST(7),SEC(7),SP(18), PMVV(300)
COMMON /VAR7/DE,PNT,DID,EPNT,EDID,SDIDXP,S22XP,SXP,XP,XHS,COMPY,
1 SST,DXPDV,DXHSDV,ALKTP,SUMY,DELTAD,DSOL,CORR2,PPS,PP,DD,DC 
COMMON /VAR9/ Q(7),QD(7),QQ(7),QC(7),PNP(7),DIDP(7),NO 
COMMON /VAR10/ QDP,QQP,QCP,SPP(7),SDID(7),SPD(7),SPQ(7),SQQ(7),
1 SQD(7),SPQD(7),SPQID(7),SQCP(7),SQQC(7)
COMMON /VAR11/ DIJ(18,18),DEL(18,18),GHS(18,18),DUDA1(7),DUDA2(7), 






SIGMA(1 ,1 )= 2 .473070+0.179337D-2*TDATA(LL)-0. 299520D-5*TDATA(LL)**2 
EPSK(1 , 1)=36000./SIGMA(1, 1 )* *6  
DO 209 J= 1 ,18
IF (.NOT. COMP(J)) GO TO 209 
EPSI(J ,J)=EPSK(J,J)*HK 
209 CONTINUE
DO 208 J= 1 ,18
IF (.NOT. COMP(J)) GO TO 208 
DO 308 K=1,18
IF(.NOT. COMP(K)) GO TO 308





IF  (.NOT. COMP(I)) GO TO 200 
DO 201 K=1,18 











IF  (J + l-M )  2 ,3 ,3
2 J=J+2 
GO TO 4
3 SUM21=SUM1+SUM2*2. DO 
SUM1=SUM1+SUM2 
TSUM=SUM21*H1/3.D0
IF  (DABS(TSUM-TSUMl)-TOL3) 5 ,6 ,6
6 TSUM1=TSUM
GO TO 1




IF  (.NOT. COMP(I)) GO TO 2021 
D(I)=DEL(1,1)
2021 CONTINUE
DO 2022 1=1,18 
IF  ( .NOT. COMP(I)) GO TO 2022 
DO 2023 J= 1 ,18
IF  (.NOT. COMP(J)) GO TO 2023 









DO 501 L=1,4 
P ID I=0. DO 
DO 500 1=1,18
IF  (.NOT. COMP(I)) GO TO 500 
P ID IL ( I )= P H O ( I ) * (D ( I ) * * ( L -1 ) )  




















PPS=(6.D0*HK*T*P0/3. 1416D0)* 9 .86895D-7
185
DO 600 1=3,7 
IF  (.NOT. COMP(I)) GO TO 600
UHKT( I)=-DLOG(DE) + P O *D ( I ) *D ( I ) *D ( I )  + 3.0D0*WEAG(3)*D(I)/DE 
1 + 3 .ODO*WEAG(2)*D(I ) *D ( I ) /D E  + 4.5D0 *WEAG(3)*WEAG(3)*D(I)*D(I)
1 /DE2 + 3 .0D0*(D(I)*WEAG(3)/WEAG(4 ) ) * * 2 . * (  DLOG(DE)
1 +WEAG(4)/DE-WEAG(4)*WEAG(4)/2.0D0 /DE2 )
1 - ( D(I)*WEAG(3)/WEAG(4 ) ) * * 3 . * (  2 . ODO *DL0G(DE)+WEAG(4)
1 * ( 2 . ODO -WEAG(4))/DE)
VHS(I)=1.D0+ WEAG(4)/DE + 3 .DO* WEAG(3)* D (I)/DE2 
1 + 3 .D0*WEAG(2)*D(I)*D(I)/DE2 + 9 .DO*WEAG(3)*WEAG(3)*D(I)*D(I)/DE3 
1 - (  W EAG(3)*D(I)/DE)**2. * (3.D0*WEAG(4)/DE+WEAG(3)*D(I))
1 + D ( I ) * * 3 .  * (WEAG(I)*DE2+ 6.D0*WEAG(2)*WEAG(3)*DE +9.D0*WEAG(3)











IF (.NOT. COMP( I ) )  GO TO 502 
XD2=XD2+XF(I)*D (I)*D (I)
X D 3=X D 3+X F(I)*D (I)*D (I)*D (I)
502 CONTINUE
DO 503 1=3,7
IF  (.NOT. COMP(I)) GO TO 503 
DUDA1(I)=O.DO 
DO 504 J=1 ,18
IF  ( .NOT. COMP(J)) GO TO 504
GHS(I,J)=1.DO/DE + (3 .D 0 * D ( I ) * D (J ) / (D ( I )+ D (J ) ) )  *XD2*WEAG(4)
1 /(XD3*DE2) + 2 .D 0 * ( D ( I ) * D ( J ) / ( D ( I ) + D ( J ) ) ) * * 2
1 *(XD2/XD3)**2 * WEAG(4)**2/DE3
DUDA1(I)=DUDA1(I) + P H O (J )*D IJ ( I ,J ) * *2  * ( D I J ( I , J ) - D E L ( I , J ) )




IF  (.NOT. COMP(K)) GO TO 507
DUDA2(K)=0.D0
DO 505 1=1,18
IF (.NOT. COMP(I)) GO TO 505 
DO 506 J = l ,1 8
IF (.NOT. COMP(J)) GO TO 506
DGDN(I,J,K)= 3 . DO*D(I)*D(J)*(W EAG(4)*(D(K)**2-XD2)
1 /XD3/DE2/T0TPH0 + XD2*3.14159D0*D(K)**3/XD3/DE2/6.D0 
1 + XD2*WEAG(4)*DE3*3. 14159*D(K)**3/XD3/6. DO 
1 -  XD2*WEAG(4)*(D(K)**3-XD3)/DE2/XD3/XD3/T0TPH0)/(D(I)+D(J))
DUDA2(K)= DUDA2(K)+ P H 0 ( I ) *P H 0 (J ) *D IJ ( I ,J ) * *2  





IF (.NOT. COMP(I)) GO TO 508
















DO 802 J= 1 ,18
IF  (.NOT. COMP(J)) GO TO 802 
PN(J)=O.DO 
SP(J)=0.DO 
DO 803 K = I,18
IF(.NOT. COMP(K)) GO TO 803
PN(J)=PN(J)+ PHO(J)*PHO(K)*EPSI(J,K)*(SIGMA(J,K)*1.D-8)**3 . 
SP(J)=SP(J)+ (PHO (K)*E PS I(J ,K )**2 .)* (PH O (J)*(S IG M A(J ,K )*1 .D -8)





PNT=-1 1 .17D0*PNT 
EPNT=-2.553D0* EPNT/HK/T
XHS=1. 909859D0*HK*T*( WEAG(1)*DE2+ 6.D0*WEAG(2)*WEAG(3)*DE 
1 +9.D0*WEAG(3)**3. + WEAG(4)**2.*WEAG(3)**3.
1 - 4 . DO*WEAG(3 ) * * 3 . *WEAG(4))/DE4
C
DO 804 1=1,2
IF  (.NOT. COMP(I)) GO TO 804 
DO 805 J= 1 ,18
IF  (.NOT. COMP(J)) GO TO 805
D ID=DID+(PHO(J)*POLAR(J)/(S IGM A(I,J)* l.D -8)**3 .)*PHO (I)*D IPOLM (I)
1 *DIPOLM(I)
EDID=EDID+(PHO(J)*POLAR(J)/(SIGMA(I, J ) *1 .D “ 8 ) * *3 . ) *P H O ( I)
1 *D IP 0 L M (I) * *2 *E P S I( I ,J )
SDIDXP=SDIDXP+PH0(I)*PH0(J)yrP0LAR(J)*^t2 









IF (.NOT. COMP(J)) GO TO 801
QDP=QDP-1.25664DO*PHO(J)*Q(J)**2*PH0(I)*DIP0LM(I)**2/(SIGMA(I,J)
1 * l .D -8 ) * *5 /H K /T
QQP=QQP-2.51327DO*PHO(J)**2*Q(J)**2*(Q(J)/(SIGMA(J,J)*l.D-8)yt* 3 ) * *  
1 2/(SIGMA(J,J ) * l ,D -8 ) /H K /T  
DO 806 K=8,18
IF (.NOT. COMP(K)) GO TO 806
187
QCP=QCP—0 . 837758DO*PHO(K)*PHO(J)*Q(J)**2*23. 0686D-20/HK/T 


































DO 812 J=1 ,18
IF  (.NOT. COMP(J)) GO TO 812
S P P(I)=S P P (I)+2 .553D O *P H O (J)*E P S I( I,J )**2 *(S IG M A (I,J )*1 .D -8 )**3  
1 /HK/T 
812 CONTINUE
S P Q (I)= -0 .4 2 7 3 5 8 D 0 *P H O (I)*Q (I ) * (Q (I ) /H K )**2 * (Q ( I) / (S IG M A (I , I )
1 * 1 .D -8 ) * * 7 ) * E P S I ( I , I ) / T / T
S Q Q (I)= 0 .7 2 4 4 D 0 *P H O (I)*Q (I) * (Q (I) /H K )**3 * (Q ( I) / (S IG M A (I ,1 )
1 * 1 .D -8 )**4 )**4 /(S IG M A ( I , I ) * 1 . D - 8 ) / T / T / T  
SQD(I)=0.1208DO*PHO(M)*Q(I)*(DIPOLM(M)/HK)**3*(Q(I)/
1 (S IG M A (I ,M )* l .D -8 )* *4 )* *3 *D IP 0 L M (M )/(S IG M A (I ,M )* l .D -8 ) /T /T /T
SPQD(I)=0.8064D0*PHO(M)*Q(I)*(D IP0LM(M)/HK)**2*(Q(I)/
1 (S IG M A ( I ,M )*1 .D -8 ) * *4 ) * (E P S I( I ,M ) / (S IG M A (I ,M )* l .D -8 ) ) /T /T  
SPQID(I)=0.5712DO*PHO(M)*(DIPOLM(M)/HK)**2*(Q(I)/(SIGMA(I,M)
1 * 1 .D -8 )* *4 )* *2 * (D IP 0 1 M (M )**2 /(S IG M A (I ,M )* l .D -8 )* *3 )
1 *POLAR(I)/T/T
SPD(I)= 2 .234DO*PHO(M)*POLAR(I)*DIPOLM(M)*DIPOLM(M)AEPSI(I,M )
1 / (S IG M A (I ,M )*1 .D -8 )**3 /H K /T  
S D ID (I)=0 . 698D0*PH0(M)/HK/T
1 AP 0 LA R (I)* *2 * (D IP 0L M (M )**4 /(S IG M A (I,M )* l .D -8 )**9 )
SEC(I)=SPP(I)+SPD(I)+SDID(I)+SPQ(I)+SQQ(I)+SQD(I)+SPQD(I)+SPQID(I)
1 +SQCP(I)+SQQC(I)
D IDP(I)=  4 . 18879DO*DIPOLM(M)
1 *D IP0LM (M )*PH0(M )*P0LAR(I) /(S IG M A(I,M )* l.D -8)**3 .
188
PNP(I)=11 . 170000D0*PN(I)/PHO(I)
Q Q (I)=2 .513274D0*(Q (I)/(S IG M A(I, I ) * 1 .D - 8 ) ) * * 4 * ( P H 0 ( I ) / ( S IG M A ( I , I )  
1 *1 .D -8 )**3 ) /H K /T
QD(I) = ( 1 .256637DO*DIPOLM(M)**2*PHO(M)*(Q(I)**2/(SIGMA(I,M)*l.D-8) 
1 **5 ) /H K /T )*2 .




DUPDV(I) = - ( FIRST( I)+SEC(I)+DUDA(I) )
PMV(I)=6. 022D23*HK*T* COMPY*(VHS(I) + DUPDV(I))
808 CONTINUE 
DXPDV=-2.D0*XP
DXHSDV=1. 909859D0*HK*T*( -WEAG(1 ) * ( 1 . D0-WEAG(4)-WEAG(4)**2.












IF  (.NOT. COMP(I)) GO TO 809-
DPMVDV(I)=-WEAG(4)/DE2 -  3.D0*WEAG(3)*(1.D0+WEAG(4))*D(I)/DE3 
1 - ( 3 . D0*WEAG(2)+18. DO*WEAG(3)*WEAG(3)-3. DO*WEAG(2)*WEAG(4)**2.
1 *D ( I ) *D ( I ) /D E 4  -  D (I)*D (I)*D (I)*(W EAG (1)*(1 .D0-W EAG (4)
1 -WEAG(4)*WEAG(4)+ WEAG(4)**3.)-6.D0*WEAG(2)*WEAG(3)*WEAG(4)
1 *(1.D0+WEAG(4)) + 1 2 .DO* WEAG(3)*(WEAG(2)+ 2.D0*WEAG(3)*WEAG(3)) 
1 )/DE5 -  DUPDV(I)
C
B E (I ) = ( COMPY* DPMVDV(I) / ( VHS(I)+DUPDV(I) )



















q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
IMPLICIT REAL *8 (A-H, O-Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),C0MP(18), TC(7), PC(7), RELAX(7),
1 T R (7 ) , PR(7),PHO(18), BASE(7)
COMMON/SYSl/S(1 8 ) ,D (1 8 ) ,DS0LN,T ,P ,AM ,R 1,I1 ,I2 ,I3 ,N 1 
COMMON /PARA1/ SIGMA(1 8 ,1 8 ) ,  EPSK(18,18), 0MEGA(7),T0L4,
1 POLAR(1 8 ) ,DIP0LM(2)
COMMON /VAR2/ TOL1, TOL2,TOL3, HK.DLOW,ITERA1, ITERA2, ITERA3 
COMMON /VAR9/ Q (7 ),Q D (7 ), QQ(7 ) , QC(7 ) , PNP(7 ) ,DIDP(7),NO
C
I F ( I  .EQ. J )  GO TO 1191 
GO TO 1192
1191 E I= E P S I( I ,1)
SI=SIGMA(1 ,1 )
Q I=Q (I)
IF ( I .GT. 2) GO TO 91 
P0T=(4 .0D 0*E I*((S I/S R )**12 .
1 ~ (S I /S R )* *6 . ) ) /T /H K
GO TO 93
91 IF ( I .GT. 7) GO TO 92 
PO T=(4.0D0*EI*((S I/SR)**12.
1 - (S I /S R )* * 6 . ) ) /T /H K
GO TO 93
92 P 0T=(4 .0D 0*E I*((S I/S R )**12 .
1 - (S I /S R ) * * 6 . ) ) /T /H K






1192 PO T=(4 .0D 0*E P S I(I ,J )*((S IG M A (I,J ) /S R )**12 .
1 - (S IG M A (I ,J ) /S R )* *6 .) ) /T /H K













0 * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * *  ** * * * * * *  AVr Aye * * * * * *  * * * * *
c
IMPLICIT REAL*8(A-H , 0 -Z )
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),COMP(18), TC(7), PC(7), RELAX(7),
1 T R (7 ) , PR(7),PHO(18), BASE(7)
C0MM0N/SYS1/S(1 8 ) ,D (1 8 ) ,DS0LN,T ,P ,AM ,R1,I1 ,I2 ,I3 ,N1
COMMON /V A R l/  Y (7 ) ,  XF (18),PH IN (7), PH I0 (7 ), A, H (7 ),  TOTY,ITMAX
COMMON /PARA1/ SIGMA(18,18), EPSK(18 ,18 ) ,  0MEGA(7),T0L4,
1 P0LAR(18),DIP0LM(2)
COMMON /VAR3/ PS(7), PHP(2), PHS(2),ZC(2), ADEN(2),BDEN(2),CA(7,7)
COMMON /VAR13/PHI0T( 7 ) ,  PHIN1(7),PHIP(7)
DIMENSION SM(7), ALPH(7), SA(7), SB(7), TF1(7),TF2(7)













DO 300 1=1,8 











IF  (.NOT. COMP(I)) GO TO 1501 
P R S (I)= P S (I) /P C (I)
T R (I )= T /T C (I )
SM (I)=0 . 48508D0+(1 .5517DO*OMEGA(I) ) - ( . 15613DO*OMEGA(I)**2)
ALPH(I) = ( 1 .D0+(SM(I) * ( 1 . D 0 -T R ( I ) * *0 . 5 ) ) ) * * 2  





C FIND ROOT OF Z BY NEWTON'S METHOD
C










DELTAZ=-((Z3-Z2+Z*ABB2)-AB) /  (3 .D0*Z2- 2.D0*Z +ABB2)1=1+ DELTAZ
C
C CHECK FOR CONVERGENCE
C




T F 1 (I)= (C Z -1 . ODO)*SBS(I)/CAPB-DLOG(CZ-CAPB)
T F 2 ( I ) = ( CAPA/CAPB)*(2. 0D0*SAS(I)**0.5D0/CAPA**0. 5 -(SBS(I)/CAPB))*  
SDLOG(1 .ODO+CAPB/CZ)











IF  (.NOT. COMP(I)) GO TO 1502 
CAPB=CAPB+(SB(I)*Y(I))
DO 1503 J = l ,7
IF  (.NOT. COMP(J)) GO TO 1503







C BEGIN NEWTON'S ITERATION
C
DO 61 NITER=1,ITMAX 
11= 1*1 13=11*1
DELTAZ=-((Z3-Z2+Z*ABB2)-AB) /  (3 .D0*Z2- 2.D0*Z +ABB2)1=1+ DELTAZ
C
C CHECK FOR CONVERGENCE
C
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COMMON /SYS/ R(7 , 7 ) , COMP(18), TC(7), PC(7), RELAX(7),
1 T R (7 ) , PR (7), PHO(18), BASE(7)
C0MM0N/SYS1/S(18),D(18),DS0LN,T,P,AM,R1,I1,I2,I3,N1
COMMON /VAR1/ Y (7 ) ,X F (1 8 ) ,  PHIN(7), PH I0 (7 ), A, H (7 ),  TOTY, ITMAX
COMMON /VAR2/ TOL1, TOL2.TOL3, HK,DLOW,ITERAl, ITERA2, ITERA3
COMMON /VAR3/ PS(7),PHP(2),PHS(2),ZC(2 ) ,ADEN(2),BDEN(2),CA(7,7)
COMMON /VAR4/ XINT.TOTPHO


























IF  (.NOT. COMP(I)) GO TO 14 

























IF(.NOT. COMP(I)) GO TO 1200 
Y ( I )= R 1 *X F ( I) *P S ( I ) *P H P ( I) *P H S ( I) /P /P H I0 ( I)
1200 CONTINUE
DO 1210 1=3,7
IF(.NOT. COMP(I)) GO TO 1210 
Y ( I )= H ( I ) * X F ( I ) /P /P H IO ( I )
1210 CONTINUE
DO 1235 1=1,7
IF  ( .NOT. COMP(I)) GO TO 1235 
IF ( I I  .NE. 1) GO TO 1236 
Y 0 (I)= Y ( I )
GO TO 1235 













IF(.NOT. COMP(I)) GO TO 1310 













XF(N1)=P* YINT* PHINT /  HINT 












27 T l = l . DO/(1 .DO-SLOP)
TMAX= 4 . DO 
IF  (T1 .GE. TMAX ) GO TO 23 


























IF ( I I  .NE. 1) GO TO 621 
DO 622 1=1,7
IF (.NOT. COMP(I)) GO TO 622 




GO TO 618 
621 TMAX= 4 . DO
DO 601 1=1,2
IF(.NOT. COMP(I)) GO TO 601
F N (I)= X F ( I ) *P S ( I) *P H P ( I) *P H S (I) /P /Y N ( I)
F O (I )= X F (I ) *P S ( I) *P H P (I)*P H S (I) /P /Y O (I)
IF  (A B S (P H IO T (I)-P H IN l( I) )  .LE. T0L2 ) GO TO 602 
SLOP=(FN(I) —F 0 ( I ) ) / ( PHIN1(I) —PHIOT(I) )
EEE=1.DO-SLOP
IF (ABS( EEE) .GT. l .D - 8 )  GO TO 603 




IF  (T1 .GE. TMAX ) GO TO 604 






606 PH IO (I)=T1*FN(I)+ (1 .DO-T1)*PH IN1(I)
601 CONTINUE
DO 607 1=3,7
I F ( . NOT. COMP(I)) GO TO 607 
F N ( I )= X F ( I ) *H ( I ) /P /Y N ( I )
F 0 ( I )= X F ( I ) * H ( I ) /P /Y O ( I )
IF  ( ABS(PHIOT( I ) —PHIN1(I) )  .LE. T0L2 ) GO TO 609 
S LOP=(FN(I) —F 0 ( I ) ) / ( P H IN 1 ( I ) —PHIOT( I ) )
EEE=1.DO-SLOP
IF  (ABS( EEE) .GT. l .D - 8 )  GO TO 611 
IF( EEE .GT. O.DO) GO TO 612 
GO TO 613 
609 SLOP=O.DO
611 T1=1.D0/(1.DO-SLOP)
IF  (T1 .GE. TMAX ) GO TO 612 





614 PHIO( I )= T lyc FN( I )+ (1 .  DO—T1 )*P H IN 1(I)
607 CONTINUE
DO 616 1=1,7
IF( .NOT. COMP(I)) GO TO 616 
YO(I)=YN(I)
PHIOT(I)=PHIN1(I)











* * * * * *  * ** * * rt rt rt * rt * * * rtrtrt rt * * * * rtrt rtrt rt rt * * * * *  Hr* * * * * * * *  rt rtrtrt rt*
BLOCK DATA
*  *  rt  r t r t r t  rt  *  * *  *  rt *  rt r t r t  r t r t  *  * *  *  r t r t r t  *  * * * * * * * * *  *  r t r t r t *  *  r t r t r t *  *  r t *  r t  *  *  *  *
IMPLICIT REAL*8(A-H, O-Z)
LOGICAL COMP, BASE
COMMON /SYS/ R(7,7),COMP(?.8). TC(7), PC(7), RELAX(7),
1 TR(7), PR(7), PHO(18), BASE(7)
COMMON/SYS1/S(1 8 ) ,D (18),D S0LN,T ,P ,AM ,R1,I1 ,I2 ,I3 ,N 1  
COMMON /PARA1/ SIGMA(18 ,18 ) ,  EPSK(18,18), OMEGA(7),T0L4,
1 POLAR(1 8 ) ,DIPOLM(2)
COMMON /VAR2/ TOL1, TOL2, TOL3, HK,DLOW,ITERAl, ITERA2, ITERA3 
COMMON /VAR1/ Y (7 ) ,X F (18) ,P H IN (7 ) ,P H I0 (7 ) , A, H (7 ), TOTY,ITMAX 
COMMON /VAR3/ PS(7),PHP(2),PHS(2),ZC(2),ADEN(2),BDEN(2),CA(7,7) 
COMMON /VAR9/ Q(7),QD(7 ) ,QQ(7),QC(7), PNP(7 ) , DIDP(7 ) , NO
DATA COMP, BASE /25 *  .FALSE./
DATA Y.XF, SIGMA,EPSK, S,PHO, R,PS,H,PHIN,PHI0,PN,VAL/822*0.D0/ 
DATA D IJ , DEL, GHS, DUDA1, DUDA2, DUDA, DGDN /3261 * O.DO/
DATA FIRST, SEC,SP /32  * O.DO/
DATA FIRSTU, SECU, UH, U, UHKT /90  * O.DO/
DATA TC /647.3D0, l.DO, 190.6D0, 305 .4D0, 1.D0, 304 .2D0, 1.D0 /
DATA PC /217.6D0, l.DO, 45.4D0, 48.2D0, l.DO, 72.8D0, l.DO /  
DATA OMEGA /0 .3 4 4 D 0 , l .D 0 ,8 .D -3 ,  9 .8D-2, l.DO, 0.225D0, l.DO /  
DATA POLAR,Q /25 *0 .D 0 /
DATA Q (4),Q (6) /0 .65D -26 ,0 .9315D -26 /
DATA POLAR(l),POLAR(3),POLAR(4)/1.59D-24,2.600D-24,4.47D-24 /  
DATA POLAR(6) /2 .594D -24 /
DATA POLAR(8 ) , POLAR(1 1 ) ,POLAR(12)/0. 179D-24, 3 . 66D-24, 7 . ID -2 4 /  
DATA DIPOLM , HK /  1.85D-18 , l.DO, 1.38048D-16 /
DATA SIGMA(3 ,3 ) ,  S IG M A(4,4)/3 .87711,4.42198 /
DATA SIGMA(6 , 6 ) , SIGMA(8 , 8 ) , SIGMA(9 ,9 ) / 3 .2 9 3 6 ,1 .9 2 2 8 ,2 .06D0/
DATA SIGMA(11, 11), SIGMA(12,12) /  3.6432, 4.493D0/
DATA SIGMA(14, 14), SIGMA(15,15) /2.4D0 , 3 . 4 0 0  /
DATA EPSK(1,1),EPSK(3 ,3 ) ,  EPSK(4,4)/ 85.3D0,148.60,215.7D0 /  
DATA EPSK(6 , 6 ) , EPSK(8 , 8 ) ,  EPSK(9,9) /262.4D0, 91 .700 .407.7D0/ 
DATA EPSK(11, 11), EPSK(12,12) /2 4 5 .8 ,  385 .1D0/
DATA EPSK(14, 14), EPSK(15,15) /190.D0.203.D0/
DATA ADEN,BDEN,ZC /  0.3471D0, l.DO, 0.274D0,1.D0,0.229D0,1.D0 /  
DATA CA /  49* O.DO /
DATA C A (1 ,6 ) , CA(6 , 1 ) /  0 .10 , 0 .1 0 /
DATA CA(3 ,6 ) ,  C A (6 ,3 ) /  0.0933D0.0.0933DO/
DATA C A (3 ,4 ) , CA(4,3)/-0.0078DO,-0.0078DO/
DATA R(3 , 3 ) ,R ( 4 ,4 ) ,R ( 5 ,5 ) , R(6, 6 ) ,R (7 ,7 )  /  5* l.ODO/
DATA RELAX /7  * 0 .5D0/
DATA T0L1,T0L2,T0L3,TQL4,T0L5,DL0W/5* 1.0D-4 , l .D - 4  /
DATA ITERA1,ITERA2, ITERA3.ITMAX / 2 0 , 99,10,200 /
END
VITA
Y ang tzu  C hao  was born  on M ay 8 , 1954 in  T a iw an . He g rad u a ted  from  T u nghai 
U niversity  w ith  a  B achelor of Science degree in C hem ical Engineering in  1976. A fter tw o years 
o f m ilita ry  service as an  a rm y  second L ieu tenan t, he rejoined th e  C hE  d e p a rtm en t a t  T u nghai 
U niversity  and  served as a  full tim e  teach ing  assis tan t. He cam e to  th e  U.S. in  A ugust, 1979 
an d  ob ta in ed  his M aster of Science degree in G as Engineering from  Illinois In s titu te  of 
T echnology in D ecem ber of 1981. He then  enrolled in th e  C hem ical Engineering D ep artm en t 
a t  LSU in A ugust, 1982 and  is cu rren tly  a  can d id a te  for the  degree of D octor o f Philosophy in 
C hem ical E ngineering. Y ang tzu  C hao  m arried  the  form er Y aling C hien in M ay of 1980. T heir 
first born  was a  lovely d au g h te r, S tephan ie , in 1984.
198
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate:
Major Field:
Title o f Dissertation:
Yangtzu Chao
Chemical E ng in eer in g
P r e d ic t io n  o f Methane S o lu b i l i t y  in  G eopressured B rine  
S o lu t io n s  by A p p lic a tio n  o f  P e r tu r b a tio n  Theory
Approved:
Major/Pj^ofessor and Chairman





November 3 0 , 1987
